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Chapter 1 
INTRODUCTION TO POWER QUALITY 
1.1  The Effects Of  Power Electronics On Power Quality 
In recent years, power electronic devices have proliferated and their usage has become 
increasingly common in industrial, commercial and residential sectors. Power electronics 
basically involves the conversion and transfer of electric power from source to load. This 
conversion  is  achieved  through  switching  technologies.  Improvements  in  the  power 
handling capability and switching speed of semiconductor devices assist the performance 
of power  electronic  equipment.  This  new  power  electronic  technology  is  providing 
improved product quality, with reduced size and cost of the product. It has been predicted 
by the Electric Power Research Institute (EPRI) that by the end of this century over half 
the electricity produced in the U.S. will be shaped by power electronic equipment [1]. 
In  general, however, increasing use of the power electronic equipment has also 
resulted in voltage and current waveform distortions. These distortions have proved to be 
the cause of poor power quality reSUlting  in losses estimated to exceed $1  billion each 
year  [2].  AC  power problems  in  general  are  costing U.S.  companies  more  than  $26 
billion in losses annually [3]. As a result, significant research emphasis is currently being 
placed on understanding power quality issues. The goal in this thesis is to provide an 
overview of power quality issues for typical commercial office buildings and to develop a 
simulator that can be used to evaluate the power quality of such systems. The simulations 
are then correlated with experimental measurements taken with power analyzers at the 
main  power panels, or junction boxes of two commercial office buildings. This power 
quality simulator can then be used to determine power quality concerns and to evaluate 
the effect of mitigation techniques. 2 
1.2  Background: Power Quality Issues 
Any  change occurring  in  voltage,  current,  or frequency  that results  in  malfunction  of 
electronic  equipment is  a power quality problem.  In  the  past,  electricity was  supplied 
with  significantly  less  distorted  voltage  and  current  waveforms.  However,  with  the 
advancement  of solid  state  electronic  devices,  the  distortion  of these  waveforms  has 
increased dramatically. Power quality issues resulting in the malfunction of transmission, 
distribution, or utilization systems can potentially cause significant power losses. Clearly, 
power quality issues  have  to  be dealt  with  to  address  cost savings  by  maintaining  an 
uninterrupted supply of power. 
1.3  Causes And Effects Of  Poor Power Quality 
Some of the causes of poor power quality and their effects are listed below in Table 1.1. 
Harmonic distortion,  another major power quality concern within customer facilities is 
introduced in Section 1.4 and will also be discussed throughout this thesis. 
Table 1.1  Some Causes of Poor Power quality 
Definition  What it means?  Duration  Cause of interruption  Effect 
Outage  Complete loss of 
voltage 
30 cycles to 
several hours[2] 
Due to fault induced 
operation of circuit 
breakers or fuses 
Supply 
affected to 
customers 
Surge  Transient voltage 
or current with 
high magnitude 
a second or less  Switching 
operation or by 
lightning 
Problems on 
computer (Lost 
data, false 
triggering) 
equipment failure 
etc. 
Sag  Momentary 
voltage dip 
a few seconds or 
less [2] 
Faults on transmission or 
distribution system or 
large loads switching on 
PLC's or computer 
trip off 
Swell  Rise in voltage 
with respect to 
ground 
few seconds to a 
minute [2] 
Faults occurring on one 
phase of three phase 4 
wire system 
Mis-operation of 
loads like data 
transmission errors, 
computer memory 
losses, power 
supply damage. 3 
1.4  Introduction To Harmonics 
Due to  the increase in  the  use  of electronic equipment, power system harmonics  have 
become a major concern. In the case of linear loads, voltage and current waveforms are 
sinusoidal.  As  a result,  the  load currents  are  sinusoidal.  On  the  other hand,  nonlinear 
loads change their impedance by switching on and off during the peak of the sinusoidal 
voltage  waveform.  This  switching operation  results  in  the  current  drawn  by  nonlinear 
devices to be non-sinusoidal and may also result in the flat topping of voltage waveforms. 
Such current waveforms consist of non-fundamental frequency components of a distorted 
60Hz waveform. In general, the harmonics generated by nonlinear power electronic loads 
are odd integral multiples of the fundamental frequency, i.e.,  the 3rd harmonic occurs at 
180Hz,  5th  at  300Hz  and  higher  frequencies.  Nonlinear  switch  mode  power  supply 
(SMPS) based loads only generate odd harmonics because of the nature of the switching 
action,  which  generates  waveforms  that  are  half  wave  symmetric.  Harmonics  are 
unlimited in duration. 
1.5  Harmonic Analysis 
The system response to  the  distorted voltage  or current waveforms  can  be effectively 
studied through Fourier waveform analysis. According to this analysis, the system's total 
response can be evaluated by studying the response of individual harmonic components 
using  the  superposition  theorem.  A  periodic  waveform  is  composed  of a number  of 
sinusoidal  waveforms of various magnitudes  and phase angles. These are  actually the 
harmonic  components of the waveform.  Since the fundamental  frequency is  60Hz, the 
harmonics occur at  120,  180,  240,  300Hz and higher frequencies.  These are called the 
2
nd 
, 3
rd
, 4th, 5th harmonics, respectively 
1.6  Loads Which Create Harmonic Problems 
Typical  examples  of  nonlinear  loads,  which  can  create  the  previously  mentioned 
harmonic problems, are switch mode power supplies (SMPS) used in the equipment such 4 
as  personal  computers, copy machines  and fax  machines.  Listed below  are the other 
equipment  that  can  also  produce  harmonic  distortions  in  a  commercial  building 
environment: 
- Discharge lighting 
- Electronic Ballasts 
- Elevators (drives) 
- Telecommunication equipment 
- Any equipment with a rectifier 
- Uninterrupted power supplies 
- Battery chargers 
- Variable frequency drives 
1.7  Types of  Problems Created By Harmonics 
Overheating  and  malfunction  of sensitive  electronic  devices  has  been  noticed  with 
voltage and current distortions.  When nonlinear loads exceed 15% of the total electric 
capacity, the following effects are common to sensitive electric devices [4]: 
- Capacitor failure 
- Tripping of circuit breakers 
- Malfunctioning of computers 
- Transformer saturation 
- Shut down of electronic equipment 
- Flickering of fluorescent lamps 
- Motor failure 
- Transformer heating 
- Interference with communications 
- Overheating of neutral conductors 
- Reduced effective power factor 5 
1.8  Harmonic Standards 
Building  owners  and  industrial  manufacturers  have  long  realized  that  maintaining  an 
engineering staff to design new  facilities or expansions of present facilities  is not cost 
effective.  As  a result, many have relied upon  independent engineering professionals to 
design power electronic equipment based on federal standards and regulations [5]. Such 
entities as the American National Standards Institute (ANSI), the National Electric Code 
(NEC), and the Institute of Electrical and Electronic Engineers (IEEE) define rules for 
safe installation and operation of electrical equipment and sound engineering practices. 
One  practice  followed  by conSUlting  engineers  is  ANSI/IEEE  519,  which  defines  the 
recommended harmonic content in  an electrical system. These harmonic standard values 
are discussed in Section 2.7.1. 
1.9  Remedies 
Harmonic distortions are commonly addressed using filtering techniques. Techniques for 
mitigation of commercial office building harmonic problems will be discussed in Chapter 
2 and one of them is demonstrated in Chapter 4. 
1.10  Power Quality Calculations 
Distortions of voltage and current wavefonns are commonly expressed in the tenns of 
Total Harmonic Distortion (THD) and Total Demand Distortion (TDD). THD is defined 
as  the  ratio  of the  RMS  value  of currents  or  voltages,  to  the  RMS  value  of the 
fundamental current or voltage: 
-Iff I  and  (1.1) THD  -
II 
Where, 6 
Ih  =RMS current ofthe hth harmonic current 
V  h  = RMS voltage of hth harmonic voltage 
II =RMS value of the fundamental current 
VI =RMS value of the fundamental voltage 
When voltage THD is below the IEEE limit of 5% at the Point of common coupling most 
devices do not experience problems [5], but input current THO can exceed 100%. These 
distortion limits for various systems are established in the IEEE-519 standard discussed 
in Section 2.7.1. 
TDD is defined as the ratio of root mean square (RMS) value of the currents to 
the RMS value of the maximum load current: 
(1.2) 
All the limits of harmonic currents are expressed in percentage of the maximum 
demand load current, 1m'  I m  is useful in the evaluation of harmonic currents over a wide 
range of load conditions with constant base value. If the fundamental component of the 
current is used as the base, the distortion values at a light load may look high but would 
not have a significant impact on the power system. This method of expressing harmonic 
currents in terms of a percentage of I m  allows evaluation of actual amperes of harmonic 
current being injected into the power system. 
Power quality is  also expressed in terms of Crest Factor (CF) and Power Factor 
(PF). CF is defined as the ratio of the crest (peak, maximum) value of a current waveform 
to its RMS value. Crest factor is another measure of the power qUality. However, product 
comparison on this basis is not always a true measure due to differences in measurement 
techniques. Power factor is a measure of the effective usage of electric power and relates 
real  power with  reactive power.  Real  power performs the  actual  work for the system, 
whereas,  reactive  power  simply  sustains  the  electromagnetic  as  electrical  field. 7 
Mathematically, PF is a ratio between the real power and the apparent power. Apparent 
power is the sum of  squares ofreal and reactive power components: 
Apparent power =~(real_power)2 + (reactive_power)2  (1.3) 
A higher PF value implies an efficient electric power utilization signifying good 
power quality.  High power factor is always desired. 
Mathematically, PF= lSI  DPF  (1.4)
Is 
Where, DPF= Cosine  (~), is known as  the Displacement Power Factor, where  ~ is the 
phase angle difference between the voltage and  current waveforms.  Is  here is the total 
RMS current and lSI is the fundamental RMS current. 
1.11  Power Quality Simulators 
Power  quality  simulation  tools  offer  powerful  solutions  to  analyze  power  quality 
problems.  Simulations can diagnose potential problems even before an  electric power 
installation is  constructed.  Several  software packages  are  available  for  power system 
simulations relating to power quality.  In this study, PSpice has been used as  a tool for 
developing  a  power quality  simulator.  The  main reason  for  choosing  PSpice  for  this 
thesis is  its ability to offer a  simple transition from  a  schematic to a board layout.  In 
addition,  convergence problems can be dealt with more easily.  The netlist output files 
provide  a  complete  set  of information.  One  can  create  custom-made  libraries  and 
sub circuits in PSpice, which is very useful. PSpice provides power quality information of 
the simulated circuit (e.g., complete harmonic component details). The evaluation version 
is free of charge. There is a university discount for commercial version of PSpice. There 
are several other power quality simulation packages available. The performance, cost and 
applications ofthese simulators are compared in Table 1.2 
Table 1. 2 Comparison of Power Quality Simulation Tools* 8 
Table 1. 2 Comparison of Power Quality Simulation Tools* 
SIMULATOR  OPERATING 
SYSTEM 
MAIN FUNCTIONS  COST FOR 
STUDENTI 
INDUSTRY 
ADVANTAGES 
ANSOFf  PC windows 
based 
Transient simulations and 
graphical editing of 
electrical circuit models. 
Signal plotting and other 
post processing features 
are included. 
S-$750 
1-$2700 
Accuracy in 
predicting basic 
electromagnetic 
device parameters. 
ATP 
(ALTERNATE 
TRANSIENT 
PROGRAM) 
PC windows 
based 
Circuit simulator. ATP 
draw supports most of the 
line/cable constants. It 
assists in the simulation of 
electromagnetic transients 
in electric power systems. 
S-evaluation 
version(  free) 
1-$2300 
Compatible with 
most of major 
computers of interest. 
HARMFLO  PC windows 
based 
Circuit simulator for 
power electronic 
harmonic impedance 
scans, Harmonic 
distortion levels, 
equipment deratings, 
harmonic standards and 
design filters (ALL 
AREAS OF HARMONIC 
AND TRANSIENT 
ANALYSIS). 
SII-$3000 
Completes harmonic 
simulations and 
easily incorporates 
results into various 
windows application. 
PSIM  PC windows 
based 
Circuit simulator 
specificalIy for power 
converter circuits and 
systems. Achieves fast 
simulation while retaining 
excelIent simulation 
accuracy. 
S-$500 
1-$2100 
Simple to use, fast 
simulation, flexible 
control 
representation, built 
in modules. 
PSpice  PC windows 
based 
Circuit simulator 
Creates analogy, digital or 
mixed designs. Speed, 
accuracy and reliability 
are the major concerns of 
this simulator. Supports 
alI power electronic tools. 
S-FREE 
1-
3 versions: 
PSpiceAID 
basics:$2295 
PSpice 
Analog: 
$4495 
PSpice AID: 
$7995. 
Capture: 
$1495 
Easy circuit creation, 
fast and simple 
transition from 
schematic to board 
layout. 
*All these tools assist in analysis of power system harmonics. 9 
1.12  Literature Review 
Many researchers  have  studied  different  aspects  of power quality issues  with  various 
simulators.  PSpice  appears  to  be  the  most  popular  and  powerful  simulator  in  these 
studies.  The background issues  of commercial  office  buildings were  studied by some 
authors [6-9,23].  The IEEE transactions on Industry Applications, Power Electronics and 
Industrial  and Commercial power systems have provided the major source of literature 
concerning the power quality issues of commercial buildings. Other sources of literature 
used in this study are: 
- Industrial Electronics Conference Proceedings (IECON) 
- Power Electronics Specialists Conference (PESC) 
- Applied Power Electronics Conference (APEC) Proceedings 
- Industry Applications Society (lAS) Proceedings 
1.13  Thesis Organization 
This  thesis  involves  the  design  of a  power  quality  simulator  for  commercial  office 
buildings. Chapter 1 provides a brief introduction to the background of this research. Two 
case studies in the form of the Electrical and Computer Engineering (ECE) building and 
Dearborn  Hall  of Oregon  State  University  are  evaluated  in  Chapter  2.  Experimental 
results of commercial office building design and the power quality problems associated 
with the building performance for both the case studies are discussed in Chapter 3. The 
power quality simulator and the corresponding simulation results are reviewed in Chapter 
4. Some mitigation techniques for these power quality problems are discussed in Chapter 
2 and used in the simulations to show the effect of mitigation techniques in Chapter 4. 
PSpice has been used as the power quality simulator. The simulations are compared with 
the physical measurements taken from the two case study buildings. Fluke meters (power 
harmonic analyzers) were used to take the experimental measurements of the buildings. 10 
Chapter 2 
COMMERCIAL OFFICE BUILDING CONFIGURATION 
2.1  Introduction 
Discussed in this Section are  some key factors that play an  important role in the power 
quality of commercial office buildings: 
• 	 Selection of transformers 
• 	 Location of switchboards and panel boards 
• 	 Selection of ratings (kV A and voltage ratings) 
• 	 System grounding 
• 	 Problems  associated  with  the  performance  of  the  electronic  equipment  in  this 
environment 
• 	 Solutions to the above described problems 
In a typical commercial office building, electric power distribution begins with a 
main service transformer, which steps down the higher voltage from the utility usually to 
480 volts. Power is then routed through each floor of the entire building at this voltage. 
There  are  Delta/Wye  distribution  transformers  located  on  each  floor  or  just  one 
transformer serving several  or all  floors,  which  steps  down  the  voltage further  to  the 
voltage  level  required  by  the  end-user  equipment  (commonly,  208V/120  V).  The 
secondary side of the transformer is  fed to a distribution panel, where the three phases 
and neutral conductor feed the equipment located on each floor. Fig. 2.1  shows a typical 
building distribution scheme of a three-phase four-wire system [10]. 11 
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Fig. 2.1 Power distribution scheme of commercial office buildings 
2.2  Transformer Selection 
Individual commercial  office buildings may have  specific  electric requirements,  but a 
majority of these buildings employ a three-phase distribution transformer to meet the load 
demand. The actual k  V  A rating of these transformers is governed by the load requirement 
such as  lighting, computer, air-conditioning and process system power within the work 
environment.  Such  distribution  transformers  are  commonly  step  down  transformers, 
which are usually "f)."  connected on the primary side and "Y" connected on the secondary 
side.  The  configuration  of the  "Y"  connection  on  the  secondary  side  is  generally 12 
preferred because it results in the load being equally distributed on all the three phases. 
This is  particularly attractive for buildings with  a large number of single-phase 
loads.  Such a balanced distribution is not possible with  a "/l." connection because the 
entire single-phase load gets concentrated on one phase, which is not desired. The step 
down transformers are usually located close in proximity to the load being served in order 
to minimize the cost of larger secondary conductors [11]. Listed below are some criteria 
for the selection of transformers for single phase loads: 
1. The first step in the selection of a transformer involves determining the electrical load 
requirements, which are obtained from the equipment specifications [12]: 
A. Voltage required by the load, 
B. Amperes or kVA capacity required by the load, and 
C. Frequency in Hz (cycles per second). 
2. The next step involves determination of the supply voltage: 
A.Voltage of the supply (source), and 
B. Frequency in Hz (cycles per second). 
It must be noted that the frequencies of the line supply and electrical load must be the 
same.  Single-phase transformers that are designed to operate at this frequency  have  a 
primary (input) equal to the supply voltage and a secondary (output) equal to the voltage 
required by the load. 
3. If the  load  specification expresses  a  rating in kVA,  a  transformer can  be  directly  
selected depending on the load applications.  
When the load ratings are given only in Amperes, the following formulae may be used to  
determine proper kVA size for a given transformer:  
(1) When voltage and Amperage are known, 
kVA =Volts *Amps  (2.1)
1000 
(2) Amperes can be determined when kVA and voltage are known, 
kVA*IOOO 
Amps=  (2.2)
Volts 13 
The principal effect of nonsinusoidal voltages on the trans fonner's perfonnance is 
the  generation  of extra  losses  in  the  core.  This  additional  heating  deteriorates  the 
insulation. Nonsinusoidal currents on the other hand generate extra heating of conductors, 
clamps, bolts and enclosures and as a result reduce the efficiency of the transfonner and 
cause loss of insulation life. So, non-linear loads may need more complex transfonners 
such  as  Zigzag  Wye,  K-Rated  and  Derated  transfonners.  These  are  discussed  in 
Subsection (2.10). 
2.3  Selection Of  System Voltage 
When the overall building load is  low, typically on  the order of 30kVA, a 1201240  V 
single-phase system is suitable [11]. Such single-phase services are commonly used for 
smaller office buildings and small-scale industrial facilities. 
Building systems  with larger power requirements,  (e.g.,  motor loads, resistance 
heaters and process loads) often require three-phase systems. The two most widely used 
three phase systems are 208Y/120 V three-phase, 4-wire system and 480Y1240 V three-
phase, 4-wire system. The 208YI120  V system was  the first to  come into application. 
Three-phase or single-phase 208V circuits are used for motors and loads, while single-
phase  120  V circuits  are  commonly employed for  lighting and  receptacle applications 
[10]. A 480Y/240 V system is suitable for larger commercial and industrial facilities, as 
they require higher voltage capability to  allow for single or three phase 480V circuits. 
However,  in  this  environment receptacles  and  other loads  often  require  120  V.  480-
208Y/120 V step down  transfonners may be used to achieve this purpose. The 240 V 
phase  to  neutral  voltage  is  mostly  used  for  fluorescent  and  other  lighting  source 
applications [11]. In the case of lighting, a three-phase 240 or 480V system may also be 
used [11]. 
Medium  sized  commercial  office  buildings  typically  employ  208Y/120  V.  This 
system is used in this thesis for the case studies described in Chapter 3. The voltage level 
selection  for  each  specific  building  is  governed  by the  building's  characteristics,  the 
equipment voltage requirements, the  magnitude of 120V receptacle, other 120V loads, 
and the type of lighting systems. 14 
2.4  Panel Boards And Switchboards 
Panel  boards and  switchboards serve the  branch  circuits, feeders  and  sub-feeders  of a 
building's electrical system. They are designed in such a way that they are located closer 
to  the  loads.  They  provide  a  convenient  location  for  the  control  of various  circuits 
connected  to  the  individual  overcurrent  devices  that  are  located  within  them.  Panel 
boards  usually  consist  of a  metal  enclosure  containing  bus  bars  for  circuit  breakers. 
Sufficient space is allowed within these boards for installation of the circuit conductors 
[11]. Switchboards serve as main distribution panels for the entire building. Switchboards 
are  often  mounted  directly  on  a wall  and  as  a result,  all  the  wiring  connections  and 
maintenance can be accomplished from the front. 
2.5  Lighting Panel Boards And Power Panel Boards 
Lighting panel boards and power panel boards often serve both lighting branch circuits as 
well as circuits for receptacles and other equipment. According to NEC (Section 384.14), 
a lighting  panel  board must  have  at  least  10%  of its  overcurrent devices  rated  at  30 
amperes  or  less,  for  which  neutral  connections  are  provided  [13].  Lighting  can  be 
classified as a continuous load. Circuits serving such loads cannot be loaded to more than 
80% of their rating [13]. Lighting panels are available in standard ampere ratings of 100, 
225  and 400A  [13]. Power panels are intended to serve equipment other than lighting. 
Power panels are available in  standard ratings of 400, 600, 800, 1000 and 1200A. Both 
lighting panels and power panels  are  available in  a number of voltage ranges  such  as 
single-phase, three wire,  208Y/120 V and 480Y1240 V,  three phase, four-wire  systems 
[11]. 
2.6  System Grounding 
System grounding is essential to reduce any voltage differential between adjacent pieces 
of equipment because it can  result in  a shock hazard.  Grounding also  provides  a low 
impedance path for fault currents. Transformers are grounded at their secondaries. The 
building's  electrical  services  neutral  and  ground  are  connected  only  at  the  main 15 
distribution panel of each floor as  shown in  Fig.  2.1.  It must be noted that neutral and 
ground are two entirely different terms. Neutral conductors usually carry current as part 
of a single-phase path and ground conductors carry current only under conditions such as 
a short circuit. 
2.7  Problems Associated With Commercial Office Buildings 
2.7.1  Harmonics 
Harmonic  problems  were  briefly  discussed earlier in  Chapter  1.  Essentially there  are 
three  types  of harmonic  currents  -- positive,  negative  and  zero  sequence  harmonic 
currents. Positive sequence harmonic currents are represented by phasors rotating in A-B-
C phase sequence. Negative sequence harmonics are represented as  phasors rotating in 
the A-C-B sequence. Zero sequence harmonic currents are represented as phasors that are 
in  phase  with  each  other.  The harmonic  currents  and voltages  produced by balanced, 
three phase, non-linear loads are positive sequence harmonics (phasors displaced by 120 
degrees  with  the  same  rotation  as  the  fundamental  frequency)  and negative  sequence 
harmonics (phasors displaced by 120 degrees with a reversed rotation as the fundamental 
frequency). On the other hand, harmonic currents and voltages produced by single phase, 
non-linear loads, which are connected phase to neutral in a three phase, four wire system, 
contain third order, zero sequence harmonics (the third harmonic and its odd multiples -
3rd, 9th,  15th,  21 
st  etc).  Unlike the  positive and negative sequence harmonic currents, 
these zero  sequence harmonic currents do not cancel, but add up arithmetically in  the 
neutral conductors of three-phase four wire systems. The neutral current then couples into 
the  primary of the  /).-Y distribution  transformer causing the zero sequence currents  to 
circulate  in  the  /).  primary,  leading  to  overheating.  The  sources  of harmonics  were 
discussed in Section 1.6. 
In  United States  ANSI/IEEE 519 defines  the recommended levels  of harmonic 
content in an electrical system. A portion of the first release in  1981  defined the limits of 
the total  harmonic  voltage  distortion  (THD) , and the total  harmonic current distortion 
caused by nonlinear loads at a point of common coupling (PCC) within the users facility 16 
caused by nonlinear loads at a point of common coupling (PCC) within the users facility 
[14]. This permits the consultant and user to define limits to the voltage harmonics at  a 
critical PCC to limit the potential for harmonic related difficulties at various points within 
the facility. ANSIJIEEE 519-1981 became the harmonic limitation specification for non-
linear  loads.  The  present  IEEE  519-1992  document  establishes  acceptable  levels  of 
harmonics  (voltage  and  current)  that  can  be  introduced into  the  incoming feeders  by 
commercial and industrial users. 
There are now two criteria of IEEE 519-1992 standards that are used to evaluate 
harmonic  distortion.  The  first  is  a limitation  in  the  harmonic  current  that  a  user can 
transmit into the utility system. Table 2.1  lists the harmonic current limits based on the 
size of the user's harmonic loads with respect to the size of the power system to which he 
is  connected.  The  ratio  of IsclIL  is  the  short circuit current  available  at  the  point  of 
common coupling (PCC) to the nominal fundamental load current [14]. Thus, as the size 
of the user load decreases with respect to the size of the system, the user is allowed to 
inject larger percentage of harmonic loads into the system. These limits protect the utility, 
which is required to furnish a certain quality of power to its users. 
The second criterion of IEEE 519-1992 specifies the quality of voltage, which the 
utility should supply to the user. Table 2.2 lists the voltage distortion that is acceptable 
from  a utility by the  user.  Since the  utility is  the PCC  between  users,  it monitors the 
harmonic current each user injects into the system and ensures that this current does not 
cause voltage to reach distortion limits higher then those set in Table 2.2. The values in 
Table 2.2 are low to ensure that the equipment functions properly. 
In Europe, IEC 555 specifies the limits of harmonic currents that can be generated 
by  individual  load  equipment  connected  to  power  systems.  Part2  of IEC  555  limits 
distortion. 
In IEC 555-2, four classes of equipment are covered over the range of 220 to 415 
V and 0 to 16 A per phase [18]. 
Class A:  Balanced three-phase equipment and all  other equipment, except that stated in 
classes B, C, and D 
Class B: portable tools 
Class C: lighting equipment 17 
Class D: equipment having an input current with a special waveshape like the one 
generated by the rectifier and capacitor filtering circuit. 
Table 2.1 IEEE standard 519-1992 current distortion limits for nonlinear loads 
Current Distortion Limits for General Distribution Systems 
(120 V through 69,000 V) 
Maximum Harmonic current Distortion in percent of  IL 
Individual Harmonic Order (Odd Harmonics) 
Isc I IL  h<11  l1~h~17  17~h~23  23~h~35  35~h  TDD 
<20*  4.0  2.0  1.5  0.6  0.3  5.0 
20<50  7.0  3.5  2.5  1.0  0.5  8.0 
50<100  10.0  4.5  4.0  1.5  0.7  12.0 
100<1000  12.0  5.5  5.0  2.0  1.0  15.0 
>1000  15.0  7.0  6.0  2.5  1.4  20.0 
In Table 2.1  shown above even harmonics are limited to 25% of the odd harmonic limits. 
* All  power  generation  equipment  is  limited  to  these  values  of current  distortion,  
regardless of actual Isc / h where Isc is the maximum short circuit current at PCC and  
h is the maximum demand load current (fundamental frequency) at PCC.  
TDD is Total Demand Distortion and is defined as the harmonic current distortion in %  
of maximum demand load current.  
Table 2.2 ANSIIIEEE 519-1992 voltage distortion limits for nonlinear loads 
Bus voltage at PCC  Individual voltage distortion( %)  Total voltage distortion(  %) 
69kV  3.0  5.0 
69kV to 161kV  1.5  2.5 
161kV  1.0  1.5 18 
2.7.2  EMI  
EMI (Electromagnetic Interference) refers to the unwanted electrical noise present on a 
network. This noise often "leaks" from the power lines and affects the equipment that is 
not even connected to the power line. Such a leakage is in the form of a magnetic field. 
These  magnetic  fields  are  formed  when  unwanted  noise  voltages  give  rise  to  noise 
currents.  Such  noise  signals  affect  electronic  equipment  and  cause  intermittent  data 
problems. EM! signals are transmitted from  the source to the susceptible equipment in 
several ways  such  as  through conduction, radiation  and coupling.  As  power electronic 
equipment using switch mode power supplies use high frequency switching technologies, 
currents and voltages of large magnitudes are generated resulting in high dvldt and high 
di/dt.  These  waveforms  contain  significant  magnitudes  of  very  high  frequency 
components,  which  are  greater  than  the  switching  frequency.  These  high  frequency 
components couple with the parasitics in the circuit and as a result generate signals which 
travel  through the  utility causing distortion of line voltages,  flicker,  sags,  outages etc. 
Thus, the power quality of the building system is  affected by EMI interference.  Such 
power electronic devices produce high frequency disturbances, which are repetitive. The 
repetition rates range from the main frequency to tens of MHz [15]. Rectifier switching 
operations can also result in voltage and current spikes, which actually results in broad 
band emission. These high voltage transients with wide frequency spectra appear in the 
inductance of the conductors and connecting circuits. 
2.7.3  W1Jy Is EMIRegulated? 
EMI  is  regulated  to  allow  today's  sensitive  equipment  to  function  properly  without 
suffering degradation in the performance due to interference generated by the equipment 
itself as well as the interference generated by other electronic devices. The EM! spectrum 
is  a limited natural resource that must be  maintained to allow reliable radio frequency 
communications.  The  successful  regulation  of  EM!  interference  will  allow  future 
electronic devices to operate as  defined, in the intended environment, without suffering 
any  degradation  in  performance  due  to  interference,  and  without  disrupting  the 
performance of other equipment [15]. 19 
2.8  How Do The Proble!lls Described Above Mfect The Building Performance? 
Significant levels of third order,  zero  sequence harmonic current and  voltage in  a low 
voltage (i.e.,  120/208V), three phase, four wire system will have negative effects on both 
the  power  distribution  system  and  the  devices  connected  to  it.  Unlike  positive  and 
negative sequence harmonics, zero sequence harmonics do not normally propagate into 
the higher voltage levels of the distribution system. They are  contained within the  low 
voltage distribution transformer and its secondary, four-wire system. 
Depending  on  the  capacity  and  configuration  of the  distribution  system,  the 
presence of third order, zero sequence currents may have some or all of the effects listed 
in Section 1.7. Some of these effects that are more predominant are described below. 
2.8.1  Overheating 
Heating is  usually referred to  as  ]2R loss.  Using the superposition theorem  the  total 
losses can be expressed as a sum of the individual harmonic losses i.e. 
(2.3) 
Most of the equipment operating on  AC  voltage has losses based on  60Hz. Harmonics 
add to the heating losses as can be seen from the above equation. The total losses (60Hz 
losses  plus  the  harmonic  losses)  add  up  in  the  neutral  conductor,  which  can  result in 
overheating of these conductors. 
2.8.2  LargerNeutral currents 
Large  neutral  currents  are  present  in  three  phase  feeders  that  serve  single-phase 
computer and electronic loads.  These single-phase loads as discussed earlier, are rich in 
3rd order 180Hz currents. The 3rd order, 180Hz current is always in phase and adds in 
the neutral conductor. In three phase feeders  which serve single phase electronic loads, 
the  phase  and  neutral  currents  consist  of the  180Hz  currents  flowing  in  the  neutral. 
Misoperation of microprocessor control circuits and other controls occur when distortion 20 
is present in the sine wave. When the voltage sine wave crosses the zero axis mUltiple 
times within one cycle, inexpensive models of clocks and microprocessor which detect 
zero crossings may speed up and eventually shutdown.  The voltage distortion affecting 
these controls can be solved by using filtering techniques, relocation or providing a sine 
wave without distortion to the control logic. 
2.9  Solutions To Correct The Power Quality Problems 
Some general approaches to solve power quality problems are listed below [16]: 
• 	 Use of double-sized neutral conductors or separate neutrals for each phase 
• 	 Specification of a separate insulated full-size grounding conductor, rather than relying 
on the conduit alone. 
• 	 Use of an isolated grounding conductor for sensitive equipment. 
• 	 Segregating sensitive  loads  on  separate branch  circuits  fed  from  a  separate  panel 
board or feeders (and even separate transformers, if possible). 
• 	 Use of harmonic-rated circuit breakers, panel boards, and transformers. 
• 	 Use of surge and lightning protection. 
• 	 Oversize phase conductors to minimize voltage drop. (This method will save energy 
and may even pay for itself through lower eR losses). 
2.10  Mitigation Techniques For Harmonic Distortion 
A number of methods have been proposed to deal with the excessive harmonic currents. 
These solutions are applied after an extensive survey of the commercial office buildings 
is performed. In this Section, a few  of the most commonly used methods for harmonic 
reduction in the commercial environment will be discussed. 21 
2.10.1  Solutions For Excessive Neutral Current Problems 
2.10.1.1  Derated And K-Rated Transformers 
Derating a transformer is the most common method of providing transformer protection. 
Derating  a  transformer  that  supplies  a  large  number  of non-linear  loads  producing 
harmonics helps in determining the maximum load that can be applied on the transformer 
without causing any damage. 
K-rated transformers  are  designed  to  operate  in  a  non-sinusoidal  environment. 
The K-Factor is defined as the sum of the squares of the per unit harmonic current times 
the harmonic number squared. The equation for calculating the K-factor is given as [16]: 
(2.5) 
where, 
"Ih(put is the harmonic current expressed in  per unit based upon  the magnitude of the 
rated fundamental current, and "h" is the harmonic number. 
Since the K-factor takes frequency into account, it is a very useful method for estimating 
the harmonic content of non-linear loads. Further, K-rated transformers meet NEC safety 
and installation requirements. K-rated transformers are designed so that they operate with 
lower  losses  at  harmonic  frequencies  when  compared  to  nominal  60  Hz  rated 
transformers. This is accomplished by one of the following methods: 
1)  Enlarging  the  !1  primary  winding  to  withstand  the  inherent  triplen  harmonic 
circulating currents 
2)  Doubling the secondary neutral conductor to carry the triplen harmonic currents. 
It is very important to correctly determine a K-factor because specifying a higher K-
rated transformer than  is necessary can introduce problems.  Higher K-ratings than  are 
necessary,  increase  the  ability  for  the  harmonic  current  to  flow  by  lowering  the 
transformer impedance and increasing the neutral-to- ground voltage  drop  at  the  load. 
Excessive K-ratings from  oversized transformers result in  higher fault current [16].  K-
rated transformers usually include temperature specifications of 220
0  C insulation class 22 
with either 80°  C or 115°  C temperature rise  [16].  The advantages of specifying these 
temperature details include longer expected transformer life, reduced energy consumption 
with lower operating costs,  and  additional capacity for harmonic current or emergency 
overloads regardless of loading. 
2.10.1.2  Zigzag Transformer 
A zigzag transformer connected in parallel to the existing neutral is another approach for 
neutral harmonic mitigation in single-phase loads. This connection allows the current to 
split into two paths, one through the distribution transformer and the other through the 
zigzag transformer. This method provides a reduction in the neutral current by providing 
a low impedance path and as  a result provides a zero-sequence current path to trap and 
cancel the triplen harmonics. The configuration of a zigzag transformer is shown in Fig. 
2.2 [17]. 
Zigzag transformer 
Fig. 2.2 A typical zigzag transformer showing connections to three-phase nonlinear 
loads 23 
2.10.2  Hannonic Filters 
Filters are widely used for hannonic mitigation. These are placed between the harmonic 
producing load and the transformer.  The filter is usually tuned to filter out the harmonic 
current  frequencies,  which  are  most  predominant  in  the  single  phase  or  three  phase 
circuits.  For three phase circuits the most predominant hannonics filtered out are the 5th 
and 7th order hannonic (300 & 420 Hz currents) while for single phase load the 3rd and 
5th order hannonics (180 & 300 Hz currents) are filtered out. 
Undesired hannonics flowing into the power system are usually prevented by use of 
one of the methods described below: 
•  Using a series high impedance to block them 
•  Diverting them using a low impedance shunt path. 
Shunt filters  are  currently preferred as  they carry only a small fraction  of the  load 
current.  Series filters  on  the  other hand carry full  load current.  Shunt filters  can  also 
provide reactive power at the fundamental frequency. Thus using shunt filters is often the 
most practical approach. Also, these filters are usually low-pass type filters. 
In  the  commercial  office environment some of the most effective and economical 
solutions to mitigate harmonic current input of the power electronic equipment are [17]: 
- Basic rectifiers with capacitor filters 
- Series inductor at the input circuit 
- Parallel connected with a series LC resonant filter 
- Series connected with a parallel LC resonant filter 
2.10.3  Comparison OfDifferent Hannonic Mitigation Techniques 
From the mitigation techniques mentioned above, by adding a series inductor the circuit 
operates in the same way as  the rectifier circuit, except that there is  a reduction in  the 
THD due to reduction in peak current. With a larger inductor, the harmonic currents are 
lower. The cost and size of the inductor increases with a larger inductor. This is one of 
the constraints of adding a series inductor at the input side of the rectifier.  By adding 
what is  called a parallel-connected resonant filter (peRF), the 3
rd and 5
th or 5
th and 7th 
harmonic  currents  can  be  significantly  reduced  by  tuning  the  filter  to  have  a  low 24 
impedance between  these  harmonic  frequencies.  peRF's are  the  most commonly used 
shunt  filters  for  commercial  office  building  mitigation  purposes  [17].  This  filter  is 
connected in parallel to the load as shown in Fig. 2.2. 
2.10.3.1  Parallel Connected Resonant Filter 
lin Ls  peRF 
rtcilliattioad 
Fig. 2.3 Circuit diagram of parallel connected resonant filter 
At the resonance frequency (I, ), the "Imaginary" part of the resonant frequency is equal 
to zero and the total impedance is usually limited by a small resistance R, so the inductive 
reactance is equal to the capacitate reactance,  XL =Xc.  Then, the resonant frequency 
can be expressed as: 
f  =  1  (2.6) 
,  21C~L,C, 
The current  at  this  resonant frequency  approaches  infinity and cancels or "sinks"  the 
desired harmonic current at which the frequency was tuned. Another important factor that 
influences the design of this tuned filter is the quality factor, "Q", computed at the tuning 
frequency as: 
Q=  Xo  (2.7)
R 
From which we have L, = QR  (2.8) 
w 25 
1 and C=-- (2.9)
mQR 
Where  X ° is the reactance of the inductor or capacitor. From equation 2.6 we know  i, 
so we end up with an equation of L,C, =  1  2' if we determine the numeric value of 
(27if,) 
the quality factor, we can determine the values of the inductor and capacitor that should 
be used to cancel the harmonic [18]. 
Mathematically, "Q" is defined as 
Q = _w--,o,-- = _--,1,0....:.'__  (2.9) 
WI  - bandwidth w2 
Where  Wois the tuned frequency and  WI'  w2  are the -3  dB  points. So if we know  the 
slope  (bandwidth)  of the  Bode plot  of the  frequency  response  of the  filter,  we  can 
determine "Q" from which the inductor and capacitor values are obtained. 
2.10.3.2  Series Connected Resonant Filter 
The  Series  Connected  Resonant  filter  is  used  to  block  the  third  or other  harmonic 
currents. This filter uses a single tuned paralleled LC filter whose impedance approaches 
infinity at  the frequency  at  which  it is  tuned.  The parallel-connected resonant filter is 
implemented and has been shown to be effective in the reduction of the total harmonic 
distortion. 
2.11  Discussion 
The design and performance of single tuned passive filters  are discussed in  Subsection 
2.10. Different aspects of the filter design should be considered before a choice of filter 
configuration is made. Particular care should be taken when evaluating the value of the 
filter-inductor  quality  factor,  as  it  plays  an  important  role  in  the  selection  of the 
parameters of the filter. 26 
Chapter 3 
EXPERIMENTAL CASE STUDIES OF COMMERCIAL OFFICE BUILDINGS 
3.1  Introduction 
As mentioned in the earlier Chapters, the increased usage of nonlinear devices is the main 
source of power quality problems  in  commercial  office  buildings.  Dealing with  these 
power quality problems and applying corrective solutions is an important issue to avoid 
the various negative effects described in Chapter 1 and elaborated on in Chapter 2. The 
first step in finding out most of the power quality problems involves performing a survey 
of the site under study. The survey process basically involves these six steps [19]. 
•  Planning and preparing the survey 
•  Identifying power quality concern 
•  Performing a power survey of the site under study 
•  Monitoring the power 
•  Analyzing the monitoring and inspection data 
•  Applying corrective solutions 
In  this Chapter case studies of two commercial office buildings namely the Owen 
Hall  (ECE building)  and Dearborn  Hall  of Oregon  State University are  performed to 
reveal  the  unique  power quality  characteristics  of the  nonlinear loads  applied  on  the 
system.  The dominant even  and  odd harmonic  components  of the  current waveforms 
include the phase currents and neutral current as  well as  the voltage waveforms. These 
are shown in the results. The impact of computer loads on the supply voltage can be seen 
from the results included in this Chapter. 
3.2  Planning And Preparing The Power Quality Survey 
The first step in the planning of a power quality survey involves addressing the objectives  
listed below:  
1)  When did the power quality problem start?  
2)  What type of equipment is having problems?  27 
3)  What type of failures are occurring in the equipment?  
4)  The time when the problems are occurring?  
5)  Are there any environmental concerns?  
These  objectives  help  in  determining  how  and  where  power  should  be  monitored.  
Additionally, knowing the details of the floor plans, panel schedules, transformer details,  
one line diagrams of the building, lighting plan of the building and the nature of the loads  
on each floor (linear or non- linear) can also help in identifying problems.  
3.3  Identifying The Power Quality Concern 
Power quality site surveys can be divided into three levels.  The first level of the site 
surveys normally begins with the testing and checking of common wiring and grounding 
in  the ac  premises of the building. If no problems  are  found  within the first  level  of 
survey then the next level of the survey involves longer term monitoring of voltage and 
current waveforms and their corresponding frequency spectrum for the building loads. 
This monitoring can be either short term monitoring lasting from a few hours to a few 
days or long term monitoring lasting from a few weeks to a few months. The third level 
of the survey includes the above two levels of survey plus consideration of environmental 
parameters  like  EMI,  radio  frequency  interference  (RFI),  abnormal  levels  of  the 
temperature and humidity [20]. 
3.4  Performing Power Quality Site Survey 
Once on the site, the survey begins with the following inspection [20]: 
I) Grounding electrode system: 
•  Visual inspection of the connections and electrodes for corrosion 
•  Checking the tightness of the connections 
•  Earth ground resistance testing 
•  current measurement of grounding electrode conductors 
II) Electrical panels 
Visual inspection 28 
•  Look for code violations 
•  Look for loose or heated connections 
Instrument measurements 
•  Measure voltages (phase to phase and phase to neutral) 
•  Measure current (phase current, neutral current and ground current) 
III) Transformers 
•  Check the tightness of the connections 
•  Check transformer tap settings 
Instrument measurements 
•  Measure voltages ( phase-phase, phase-neutral,  neutral-ground) 
•  Measure currents ( phase, neutral) 
•  Measure Harmonics of the above voltages and currents 
IV) Receptacles 
All the connections are tested to see if they are proper. The instrument readings of the 
line-neutral, line-ground and neutral- ground voltages are noted. Harmonic measurements 
are also noted. 
3.5  Monitoring The Power 
Power monitors can be placed at the 
•  Point of common coupling 
•  Distribution panels 
•  Individualload 
Power quality monitors placed at the service entrance determine the overall power quality 
of the facility. 29 
3.6  Evaluating The Results 
Once  data  is  collected  from  the  site,  it  is  put  into  a  report  format  with  the  device 
description, voltage quality conclusions, harmonic conclusions, one-line diagrams of the 
facility and wiring and grounding conclusions. 
3.7  Corrective Solutions 
Looking at the data collected from the site and noticing the problem effective solutions 
like adding new wiring for a grounding problem, or adding special filters for harmonic 
problems etc are usually suggested. 
3.8  Case Studies OfThe Two Buildings 
All the measurements of the typical voltage and current waveforms shown in the Figs are 
captured using Fluke 41B  meters. The measurements are taken at the electrical panels, 
which  are  connected,  to  the  secondary  side  of the  delta/wye  connected  distribution 
transformer. 
3.B.1  Power Quality Characteristics OfECE  Building 
The power distribution of the ECE building begins with a 500kVA /:l.-Y 480V to 2081120 
V transformer located in the basement of the building. This transformer is supplied by a 
/:l.-Y utility transformer rated at 750kVA, 20.8kV to 4801240 V. The 208/120 V is routed 
throughout four floors  of the building.  The 208/120  V  system supplies predominantly 
single-phase  loads  in  the  building.  Different  transformers  supply  other  building 
applications like heating ventilation, and air-conditioning (HV  AC) and lighting. All the 
power quality  measurements  are  taken  at  the  main  electrical  panels  of each  floor  to 
determine the overall power quality of that floor. 30 
3.8.1.1  Power Quality Measurements of the First Floor Of ECE building 
Figs  3.1  to 3.6 show  the  voltage and current waveforms of the first  floor of the ECE 
building  under  mixed  linear  and  nonlinear  loads.  It  can  be  seen  from  the  current 
waveforms of the first floor that all the phase current waveforms are almost continuous. 
This indicates that there is less or very little usage of nonlinear loads on this floor. The 
total  harmonic distortion of the  phase currents  is  in  the range of 9.82%-17.36%. The 
voltage waveform has a THD of 2.2%. 
A)  Phase and neutral currents (Range (rms): 29.83A- 45Amps): 
The phase and neutral current waveforms of the first floor are shown in Figs 3.3 to 3.6. 
The %THD, CF and the harmonic values are shown in Tables below the waveforms. The 
neutral  current has  a total  harmonic  distortion  of 29.58%.  The third harmonic  in  the 
neutral current is around 9  Amps, which  is  not too  dominant indicating less usage of 
non-linear loads on this floor. 
B)  Line- neutral and line- line voltages at the electrical panel (120/208V): 
The line- neutral and line-line voltages are shown in  Figs 3.1  and Fig. 3.2 respectively. 
The percent THD and crest factor are listed in  Tables 3.1(a) and 3.2(a). The harmonic 
contents are listed in Tables 3.1(b) and 3.2(b). %THD for these voltages is approximately 
constant  over  the  entire  loading  cycle.  Harmonics  in  these  waveforms  are  not  too 
dominant. This is because the current waveforms are only slightly distorted, which results 
in  the voltage waveform being slightly distorted and as  a result the harmonics are not 
significant. 31 
First floor power quality measurements 
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Fig. 3.1a Time domain analysis of line- neutral voltage waveform of the first floor 
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Fig. 3.1b Frequency spectrum of the above line-neutral voltage 
Table 3.1a Voltage (line -neutral) measurements of first floor 
Crest factor 
1.42 
Table 3.1b Harmonic value measurements of the first floor line- neutral voltage 
Harmonics  Frequency(Hz)  Vrnal!(volts)  %Vrms 
1  60  121.63  100 
2  120  0.05  0.04 
3  180  1.88  1.44 32 
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Fig. 3.2a Time domain waveform of phase A line-line voltage of  first floor 
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Fig. 3.2b Frequency spectrum of first floor line- line voltage 
Table 3.2a Voltage (line -line) measurements of first floor 
Crest factor 
1.42 
Table 3.2b Harmonic value measurements of the first floor line- line voltage 
Harmonics  Frequency(Hz)  Vmag (volts)  %Vrms 
1  60  210.44  100 
2  120  0.11  0.05 
3  180  0.20  0.10 
4  240  0.14  0.07 
5  300  2.72  1.29 33 
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Fig. 3.3a Time domain waveform of phase A current of the first floor 
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Fig. 3.3b Frequency spectrum of phase A current waveform of the first floor 
Table 3.3a Phase A current measurements of the first floor 
RMS current(  hase A)in Am s  Crest factor 
29.83  1.48 
Table 3.3b Harmonic value measurements of the first floor phase A current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  29.69  100 
2  120  0.05  0.17 
3  180  1.19  6.68 
4  240  0.05  0.17 
5  300  0.75  2.51 34 
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Fig. 3.4a Time domain waveform of phase B current of the first floor 
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Fig. 3.4b Frequency spectrum of phase B current waveform of the first floor 
Table 3.4a Phase B current measurements of the first floor 
Crest factor 
1.50 
Table 3.4b Harmonic value measurements of the first floor phase B current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  44.29  100 
2  120  1.21  2.73 
3  180  2.70  6.07 
4  240  0.34  0.77 
5  300  1.48  3.32 35 
Current 
100 
50 
Amps  10  0  ~--+:--::-:-----+---+--:-=--"=o",,"",,-+--:c---+--::---+--?
2.08  4.17  6.25  8.  10.42  12.51  14. 
-50 
-100 
mSec 
Fig. 3.5a Time domain waveform of phase C current of the first floor 
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Fig. 3.5b Frequency spectrum of phase C current waveform of the first floor 
Table 3.5a Phase C current measurements of the first floor 
RMS current(  hase C)in Am s  Crest factor 
39.26  1.79 
Table 3.5b Harmonic value measurements of the first floor phase C current 
Harmonics  Frequency(Hz  )  Imag(Amps)  %Irms 
1  60  38.66  98.48 
2  120  0.06  0.14 
3  180  5.47  13.95 
4  240  0.05  0.13 
5  300  1.94  4.93 36 
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Fig. 3.6a Time domain waveform of neutral current of the first floor 
Current 
~0=~11 
o~.~-~--~--·~·~'~--~----~~~~~~__~-­ DC  2  4  6  8  10  12  14  16  18  20  22  24  26  28  30 
I  3  5  7  9  II  13  15  17  19  21  23  25  27  29  31 
Harmonic 
Fig. 3.6b Frequency spectrum of neutral current waveform of the first floor 
Table 3.6a Neutral current measurements of the first floor 
RMS current(neutral current) in Am  s  Crest factor 
22.47  1.67 
Table 3.6b Harmonic value measurements of the first floor neutral current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  21.48  95.55 
2  120  0.99  4.22 
3  180  2.99  13.29 
4  240  0.19  0.86 
5  300  4.24  18.88 37 
3.8.1.2  Power Quality Measurements Of The Second Floor OfECE Building 
It has been discussed in the earlier Chapters that the switch-mode power supplies used in 
personal computers are the major contributors of harmonic distortion. There are a lot of 
computer labs on the second floor of this building. The current and voltage waveforms 
and their corresponding frequency spectrums of this floor are shown in Figs 3.7 to 3.11. 
The THO of the phase currents is in the range of 65-70% and the THO of the voltage is 
3.65%. Fig. 3.7 shows the significant level of flat topping of the voltage waveform. This 
flat topping occurs as the SMPS loads draw current at the peak of this voltage waveform. 
A)  Phase And Neutral currents (Range (Rms): 8.94A- 64.58Amps) 
The phase and neutral current waveforms of the second floor are  shown in Figs 3.8 to 
3.11.  The  %THO,  CF and  the  harmonic  values  are  shown  in  the  Tables  below  the 
waveforms. It can be seen from Fig. 3.8 to Fig. 3.10 that there is a wide variation in the 
current drawn by the three phases. The RMS current ranges from 56 Amps on Phase A to 
64 Amps on  phase B to  9Amps on  phase C.  It can be seen from these waveforms that 
there is a lot of unbalance between the phase currents. The most significant harmonics in 
this case are the third, fifth,  seventh and ninth. The total harmonic distortion on all  the 
three phases is around 70 percent. Most of the loads used on this floor are computer loads 
so  the harmonic content of the  waveform is  dominated by odd harmonics. The neutral 
current  shown  in  Fig.  3.11  is  mainly  dominated  by  the  third  harmonic.  The  third 
harmonic  is  around  1.8  times  the  fundamental  current  in  this  case.  The THO  of the 
neutral current is 89.12%. 
B)  Line- neutral voltage at the electrical panel (120/208V): 
The line- neutral  voltage is shown in Fig. 3.7. The percent THO and CF's are  listed in 
Table 3.7(a). The harmonic contents are listed in Table 3.7(b). %THO for these voltages 
is approximately constant over the entire loading cycle. The significant harmonic in this 
waveform is the third. The contribution of all other harmonics is negligible. 38 
Second floor power quality measurements 
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Fig. 3.7a Time domain waveform of phase A line -neutral voltage of the second floor 
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Fig. 3.7b Frequency spectrum of the phase A line to neutral voltage of second floor 
Table 3.7a Voltage (line -neutral) measurements of second floor 
Crest factor 
1.39 
Table 3.7b Harmonic value measurements of the second floor line- neutral voltage 
Harmonics  Frequency(Hz  )  Vmag (volts)  %Vrms 
I  60  121.98  100 
2  120  0.11  0.09 
3  180  3.41  2.80 39 
Current  
200  
100  
Amps  10  0  
2.08  4.17  6.25  8.34  14.59 
-tOO 
-200 
mSec 
Fig. 3.8a Time domain waveform of phase A current of the second floor 
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Fig. 3.8b Frequency spectrum of phase A current waveform of the second floor 
Table 3.8a Phase A current measurements of the second floor 
RMS current(  hase A) in Am  s  Crest factor 
56.67  1.50 
Table 3.8b Harmonic value measurements of the second floor phase A current 
Harmonics  Frequency(Hz  )  Imag(Amps)  %Irms 
1  60  40.28  71.08 
2  120  0.38  0.67 
3  180  30.05  53.02 
4  240  0.28  0.50 
5  300  21.39  37.74 40 
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Fig. 3.9a Time domain waveform of phase B current of the second floor 
Current 
50 
40 
Amps nnslO  
10  20  
10  
0~D~C~2~~4~6~8~~10~1~2~144~16~1-8-2~0~22~2-4-2~6--28~3~0 
1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31 
Hannonic 
Fig. 3.9b Frequency spectrum of the second floor phase B current. 
Table 3:9a Phiise B-current measurements of the second floor 
Crest factor 
2.57 
Table 3.9b Harmonic value measurements of the second floor phase B current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irrns 
1  60  48.89  75.71 
2  120  0.16  0.25 
3  180  33.50  51.72 
4  240  0.08  0.12 
5  300  22.04  34.12 41 
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Fig. 3.10a Time domain waveform of phase C current of the second floor 
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Fig. 3.10b Frequency spectrum of the second floor phase C current. 
Table 3.10a Phase C current measurements of the second floor 
RMS current(  hase C) in Am  s  Crest factor 
8.94  3.04 
Table 3.10b Harmonic value measurements of the second floor phase C current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  6.38  71.32 
2  120  0.11  1.26 
3  180  4.12  46.08 
4  240  0.07  0.77 
5  300  3.26  36.43 42 
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Fig. 3.11a Time domain waveform of neutral current of second floor 
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Fig. 3.11b Frequency spectrum of the second floor neutral current 
Table 3.11a Phase measurements of the second floor neutral current 
Crest factor 
Table 3.11b Harmonic value measurements of the second floor neutral current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  36.91  45.36 
2  120  0.16  0.20 
3  180  67.49  82.95 
4  240  0.28  0.35 
5  300  20.76  25.52 43 
3.8.1.3  Power Quality Measurements Of The Third Floor OfECE Building 
Looking at the current and voltage waveforms on  the third floor in Figs 3.12 to 3.17 it 
can be said that the loads on this system are mostly nonlinear. The current waveforms are 
operating in the discontinuous mode. The THD of the current waveforms is in the range 
of 62-78%. Once again we can see the flat topping of the phase voltage waveform which 
indicates  that there  are  many nonlinear loads  drawing current  at  the  peak of the  sine 
wave. 
A) Phase and neutral currents (Range (rms): 4.49- 55.92Amps): 
The phase and neutral current waveforms of the first floor are shown in Figs 3.13 to 3.16. 
The %THD, CF and the harmonic values are shown in the Tables below the waveforms. 
It can be seen from Fig.  3.13 to Fig.  3.17 that there is  a wide variation in  the current 
drawn within the three phases. The current ranges from  41.5  Amps  on Phase A to  56 
Amps on phase B to 5Amps on phase C. It can be seen from these waveforms that there 
is a lot of unbalance between the phase currents. The most significant harmonics in this 
case  are  the  third,  fifth,  seventh  and  ninth.  Most of the  loads  used  on  this  floor  are 
computer loads so the harmonic content of the waveform is dominated by odd harmonics. 
The neutral  current is  again  dominated by the  third harmonic  with the third harmonic 
magnitude exceeding the fundamental harmonic magnitude. 
B) Line- neutral voltage at the electrical panel (120/208V): 
The line- neutral voltage is shown in Fig. 3.12. The percent THD and CF's are listed in 
Table 3.12(a). The harmonic contents are listed in  Table 3.12(b). The %THD for these 
voltages  is  approximately  constant  over  the  entire  loading  cycle.  The  significant 
harmonic  in  this  waveform  is  the  third.  The  contribution  of all  other  harmonics  is 
negligible. The %THD is 3.65. 44 
Third floor power quality measurements 
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Fig. 3.12a Time domain waveform of line to neutral voltage of the third floor 
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Fig. 3.12b Frequency spectrum of the line-neutral voltage of the third floor panel 
Table 3.12a Voltage (line -neutral) measurements of third floor panel 
Crest factor 
1.39 
Table 3.12b Harmonic value measurements of the third floor line-neutral voltage 
Hannonics  Frequency(Hz)  Vrnag (volts)  O/OVnns 
1  60  121.98  99.94 
2  120  0.11  0.09 
3  180  3.40  2.80 45 
Current 
200  
100  
Amps  10  o~~~~~~~~~~~~~~~~
2.08  4.17  6.25  8.34  14.59 
-100 
-200 
mSec 
Fig. 3.13a Time domain waveform of phase A current of third floor 
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Fig. 3.13b Frequency spectrum of the third floor phase current A 
Table 3.13a Phase current measurements of the third floor 
RMS current(  hase A)( in Am  s)  Crest factor 
41.49  2.72 
Table 3.13b Harmonic value measurements of phase A current of  the third floor 
Hannonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  32.47  78.26 
2  120  0.16  0.38 
3  180  18.74  45.18 
4  240  0.14  0.35 
5  300  13.78  33.20 46 
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Fig. 3.14a Time domain waveform of third floor phase B current 
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Fig. 3.14b Frequency spectrum of the third floor phase B current 
Table 3.14a Phase B current measurements of the third floor 
RMS current(  hase B) (in Am  s)  Crest factor 
55.92  2.72 
Table 3.14b Harmonic value measurements of phase B current of the third floor 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  41.80  74.75 
2  120  0.11  0.20 
3  180  27.57  49.30 
4  240  0.06  0.11 
5  300  20.28  36.27 47 
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Fig. 3.15a Time domain waveform of phase C current of the third floor 
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Fig. 3.15b Frequency spectrum of third floor phase C current 
Table 3.15a Phase C current measurements of the third floor 
RMS current(  hase C) (in Am  s)  Crest factor 
4.49  3.16 
Table 3.15b Harmonic value measurements of phase C current of the third floor 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  3.11  62.24 
2  120  0.01  0.19 
3  180  2.61  52.24 
4  240  0.02  0.33 
5  300  2.18  43.63 48 
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Fig. 3.16a Time domain waveform of neutral current of the third floor 
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Fig. 3.16b Frequency spectrum of the third floor neutral current 
Table 3.16a Neutral current measurements of the third floor 
RMS current (neutral)(in Am  s)  Crest factor 
81.36  2.12 
Table 3.16b Harmonic value measurements of the third floor neutral current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  36.91  45.36 
2  120  0.16  0.20 
3  180  67.42  82.95 
4  240  0.28  0.35 
5  300  20.76  25.52 49 
3.8.l.4 Power Quality Measurements Of  The Fourth Floor OfECE Building 
The  fourth  floor  current and  voltage waveforms  are  shown in Figs 3.17 to  3.20.  The 
current waveforms are continuous and the three phase currents are almost balanced. The 
current THD for the three phases range between 21%-27%. The phase voltage waveform 
has a THD of 2%.  There is some flat topping of the voltage waveform but it is not too 
prominent due to less usage of  electronic loads at the time the measurements were taken. 
A)  Phase and neutral currents (Range (rms.): 29.83A- 45Amps): 
The phase and neutral current waveforms of the fourth floor are shown in Figs 3.18 to 
3.20.  The  %THD,  CF  and  the  harmonic  values  are  shown  in  the  Tables  below  the 
waveforms.  There  is  less  usage  of non-linear  loads  on  this  floor  at  the  time  the 
measurements were taken.  This  can be  said  from  the  waveforms,  which  look  almost 
sinusoidal with only a small percentage of  distortion. 
B) Line- neutral and line- line voltages at the electrical panel (120/208V): 
The line- neutral voltage is shown in Fig.  3.17.  The percent THD and  CF  are listed in 
Tables 3.17(a). The harmonic contents are listed in Table 3.17(b). The %THD for these 
voltages  is  approximately  constant  over the  entire  loading  cycle.  Harmonics  in  these 
waveforms are not too dominant. This is because the current waveforms are only slightly 
distorted, which results in the voltage waveform being slightly distorted and  as  a result 
the harmonics are not dominant. 50 
Fourth floor power quality measurements 
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Fig. 3.17a Time domain waveform of fourth floor line to neutral voltage (phase A) 
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Fig. 3.17b Frequency spectrum of the fourth floor line to neutral voltage (phase A) 
Table 3.17a Voltage (line -neutral) measurements of  fourth floor 
Crest factor 
1.41 
Table 3.17b Harmonic value measurements of the fourth floor phase-neutral voltage 
Harmonics  Frequency(Hz)  Vrnag(volts)  %Vrrns 
1  60  122.16  99.96 
2  120  0.05  0.04 
3  180  1.99  1.63 51 
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Fig. 3.18a Time domain waveform of  phase A current of the fourth floor 
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Fig. 3.18b Frequency spectrum of phase A current of the fourth floor 
Table 3.18a Phase A current measurements of the fourth floor 
RMS current(  hase A) in Am  s  Crest factor 
22.73  0.1 
Table 3.18b Harmonic value measurements of the fourth floor phase A current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  21.93  96.47 
2  120  0.07  0.30 
3  180  4.43  19.50 
4  240  0.05  0.22 
5  300  3.29  14.46 52 
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Fig. 3.19a Time domain waveform of fourth floor phase B current waveform 
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Fig. 3.19b Frequency spectrum of fourth floor phase B current 
Table  3~19a'PhaseB current measurement of the fourth floor 
RMS current(  hase B) in Am  s  Crest factor 
19.65  1.98 
Table 3.19b Harmonic value measurements of the fourth floor phase B current 
Harmonics  Freq uency(Hz)  Imag(Amps)  %Irms 
1  60  19.09  97.18 
2  120  0.09  0.45 
3  180  3.36  17.11 
4  240  0.05  0.25 
5  300  2.55  12.98 53 
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Fig. 3.20a Time domain waveform of neutral current of the fourth floor 
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Fig. 3.20b Frequency spectrum of neutral current of the fourth floor 
Table 3~20a NeUfrarcurrertt measurements of the fourth floor 
RMS current (neutral) in Am  s  Crest factor 
11.48  1.57 
Table 3.20b Harmonic value measurements of the fourth floor neutral current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  11.21  97.65 
2  120  0.02  0.17 
3  180  1.82  15.83 
4  240  0.00  0.04 
5  300  1.34  11.69 54 
3.8.2  Computation OfThe Neutral Current Due To Phase Current Imbalance And 
Due To Triplen Currents 
If only the RMS phase and neutral currents are known, approximation of the harmonic 
content  can  be  made,  by  making  some  assumptions.  One  assumption  is  that  the 
fundamental  and  all  other non-triplen  harmonics exist in  the  neutral  according to the 
RMS phase current imbalance. The next assumption states that the neutral current that 
exceeds the phase current imbalance is due to the triplen harmonics [21]. 
Neutral current due to phase current imbalance  =~A2  + B2  + C
2 
- (AB) - (BC) - (CA)  (3.1) 
Neutral current due to triplen harmonics =  ~N2- (A2+ B2 + c2  - (AB) - (BC) - (CA»  (3.2) 
A= Phase A RMS current 
B= Phase B RMS current 
C= Phase C RMS current 
N= Neutral RMS current 
Using the equations shown above 
Table 3.21  Phase currents and neutral current due to phase current imbalance 
Floor  Phase A 
(Amps) 
Phase B 
(Amps) 
Phase C 
(Amps) 
N(Amps)  Neutral current due to 
phase current imbalance 
1  29.83 - 44.49  39.26  22.47  12.75 
2  56.67  64.58  8.94  81.36  38.92 
3  41.49  55.92  4.49  63.08  34.9 
4  90.92  78.6  80.56  45.92  2.658 
3.8.2.1  Model calculations of neutral current due to phase current imbalance and 
due to triplen harmonics 
The neutral  current due to phase current imbalance for the first floor with currents in 
three phases given as 
A=29.83 Amps 
B=44.49 Amps 
C=39.26 Amps 55 
N=22.47 Amps  
Where A, B, C, and N are the fundamental components of the phase and neutral currents.  
Using the above equations we have  
Neutral current due to phase current imbalance =  
~(29.69)2 +(44.29)2 +(38.66)2 -(29.69*44.29)-(44.29*38.66)-(29.69*38.66) =12.75Amps 
Neutral current due to triplen currents 
~(2247)2 -«29.69)2 +(44.29)2 +(38.66)2 -(29.69*44.29) -(44.29*38.66) -(29.69*38.66»  =18.SAmps 
3.8.2.2  Computations For The Total Load (kVA) On Each Floor 
A) ECE building load computations 
The power of each phase in general is given by 
PI/lA  = P,B = P¢IC  =V,I, cos(O) 
Since the voltage and the power factor angle are the same for each phase but the currents 
from each phase are different, the total power from the first floor is given by 
P,TOTAL  = PI/lA  + P~ + P¢JC  = V,(l,) + 1,2 + 1,3)cos«(J) 
Table 3.21 lists the three phase currents and the phase voltages on each floor. Using those 
values we have 
PTotalfirstf/oor =(121.63) *(29.83 + 44.49 + 39.26) *(0.85) =11.743kW 
PTotalsecondf/oor =(122.05) *(56.67 + 64.58 + 8.94) *(0.85) =13.506kW 
PTotalthirdf/oor =(122.05) *(41.49 + 55.92 + 4.49) *(0.85) =10.571kW 
PTotalthirdf/oor  = (122.2) *(90.92 + 78.6 + 100.7) *(0.85) =27.94kW 
Total power contribution from all the floors is given by 
P (lotal)=P (firstfloor)+P (secondfloor)+ P (thirdfloor)+ P (fourthfloor) = 11.743+13.506+10.571+27.94 
Total power from all floors=63.76kW , Total kVA rating = 75.01 kVA 56 
3.9  Case Studies Of  Dearborn Hall 
A second case study of Dearborn Hall  at  Oregon  State University was performed. The 
configuration of this building is different from the ECE building. There are several panels 
on  each floor supplying different applications. The building distribution begins with  3-
250kVA building distribution transformers, which step up the utility voltage from 4160V 
to  11.5kV. Then there  are  other 3-250 kVA transformers also  located in  the  basement 
which  step down  the  voltage of 11.5kV on  their primary side to  208Y/120 V on  their 
secondary  side.  This  208YIl20  V  is  routed  throughout  the  building.  Different  panel 
readings  at  various  stages  of the  building  are  noted  to  evaluate  the  power  quality 
performance. In  this Subsection the survey results of the main distribution panel located 
in the basement of the  building and the results of the computer lab located on  the first 
floor of the building are presented. In  the following section the measured results of the 
building uninterruptible power supply (UPS) will be presented. 
3.9.1  Power Quality Measurements Of The Dearbom Hall 
3.9.1.1  Results Of The Main Distribution Panel In The Basement 
The main  distribution panel  current and voltage waveforms are  shown  in  Figs 3.22 to 
3.26. The phase current waveforms can be categorized, as close to being continuous, with 
THD's ranging from  15%-20%. The phase voltage waveform has a THD of 1  % and as a 
result no flat topping is actually seen. 
A) Phase and neutral currents (Range (rms): 263A- 426Amps):The phase and neutral 
current waveforms of the first floor are shown in the Figs 3.23 to 3.26. The %THD, CF 
and the harmonic values are shown in the Tables below the waveforms. The results of the 
currents shown in the Figs are the result of the entire distribution system of the building. 
There are both linear and nonlinear load effects on the system. The neutral current has a 
predominant third harmonic component with 50% THD. 57 
B) Line- neutral and line- line voltages at the electrical panel (120/208V): 
The line- neutral and line- line voltages are shown in  Fig.  25  and Fig.  26 respectively. 
The percent THO and crest factor are listed in Tables 1 and 3. The harmonic contents are 
listed in Tables 2 and 5.  %THO for these  voltages is  approximately constant over the 
entire loading cycle. Harmonics in these waveforms are not too dominant. This is because 
the current waveforms are only slightly distorted, which results in the voltage waveform 
being slightly distorted and as a result the harmonics are not dominant. 58 
Power quality measurements of the basement of Dearborn building 
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Fig. 3.22a Time domain waveform of phase to line voltage (phase A) of the main 
distribution panel in the basement 
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Fig. 3.22b Frequency spectrum of the single phase to line voltage (phase A) of the 
above waveform 
Table 3.22a Voltage (line -neutral) measurements of the basement 
Floor  Crest factor 
basement  1.4 
Table 3.22b Harmonic value measurements of the basement (Dearborn) line-
neutral voltage 
Hannonics  Frequency(Hz)  Vmag(volts)  %Vrms 
1  60  123.02  99.97 
2  120  0.16  0.13 
3  180  0.53  0.43 59 
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Fig. 3.23a Time domain waveform of phase A current of the main basement 
distribution panel (three times above magnitude) 
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Fig. 3.23b Frequency spectrum of the phase A current waveform of the main 
basement distribution panel 
Table 3.23a Phase A current measurement of the basement distribution panel 
Floor  RMS current(  hase A)in Am  s  Crest factor 
basement  426.9  1.78 
Table 3.23b Harmonic value measurements of the basement phase A current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  418.68  98.07 
2  120  3.57  0.83 
3  180  65.64  15.37 
4  240  1.32  0.31 
5  300  43.14  10.10 60 
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Fig. 3.24a Time domain waveform of Phase B current of the main distribution panel 
(three times the above magnitude) 
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Fig. 3.24b Frequency spectrum of the phase B current waveform of the main 
basement distribution panel 
Table 3.24a Phase B current measurements of the basement distribution panel 
Crest factor  Floor 
basement  1.67 
Table 3.24b Harmonic value measurements of the basement phase B current 
Harmonics  FreQuencv(Hz)  Imag(Amps)  %Irms 
1  60  311.64  98.80 
2  120  2.07  0.65 
3  180  32.34  10.25 
4  240  0.99  0.31 
5  300  29.91  9.48 61 
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Fig. 3.25a Time domain waveform of phase C current of the main distribution 
panels (three times the above magnitude) 
Current 
Amps 
rms10  '~II. ---
DC  2  4  6  8  10  12  14  16  18  20  22  24  26  28  30 
1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31 
Harmonic 
Fig. 3.25b Frequency spectrum of the phase C current waveform of the main 
basement distribution panel 
Table 3.25a Phase C current measurements of the basement distribution panel 
Floor  RMS current(  hase C)in Am  s  Crest factor 
basement  263.55  1.65 
Table 3.25b Harmonic value measurements of the basement phase C current 
Harmonics  FreQuencv(Hz)  Imal!;(Amps)  %Irms 
1  60  260.43  98.82 
2  120  2.04  0.78 
3  180  28.77  10.92 
4  240  0.72  0.27 
5  300  22.35  8.48 62 
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Fig. 3.26a Time domain waveform of neutral current of the main distribution panels 
(three times the above magnitude) 
Current 
Amps rms::II I 10  :: 
O~~-~·~~-~.~---,~-~~~~~~~~~ DC  2  4  6  8  10  12  14  16  18  20  22  24  26  28  30 
I  3  5  7  9  II  13  15  17  19  21  23  25  27  29  31 
Harmonic 
Fig. 3.26b Frequency spectrum of the neutral current waveform of the main 
basement distribution panel 
Table 3.26a Neutral current measurements of the basement distribution panel 
Hoor. __  Crest factor 
basement  2_10 
Table 3.26b Harmonic value measurements of the basement neutral current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  233.64  86.80 
2  120  0.04  0.04 
3  180  122.85  45.64 
4  240  1.17  0.43 
5  300  33.45  12.43 63 
3.9.1.2  Measurements Of The Computer Lab Of The Dearborn Hall 
The power quality characteristics of the electrical  panel  serving a computer lab  with  a 
multiple  number of computer workstations  are  measured and  the  results  are  shown  in 
Figs 3.27 to 3.31. 
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Fig. 3.27a Time domain waveform of phase to line voltage (phase A) of the first floor 
computer lab panel 
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Fig. 3.27b Frequency spectrum of the single phase to line voltage (phase A) of the 
above waveform 
Table 3.27a Voltage (line -neutral) measurements of the first floor computer lab 
Floor  RMS volta  e(L-N) (volts)  Crest factor 
123.61  1.39 
Table 3.27b Harmonic value measurements of the line- neutral voltage of the first 
floor computer lab 
Harmonics  Frequency(Hz)  Vmag (volts)  %Vrms 
1  60  123.61  100 
2  120  0.05  0.04 
3  180  1.30  1.05 64 
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Fig. 3.28a Time domain waveform of phase A current of the first floor computer lab 
distribution panel 
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Fig. 3.28b Frequency spectrum of the phase A current waveform of the first floor 
computer lab distribution panel 
Table 3.28a Phase A current measurements of the first floor computer lab 
distribution panel 
Crest factor 
2.68 
Table 3.28b Harmonic value measurements of the first floor computer lab panel 
phase A current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  40.28  71.08 
2  120  0.38  0.67 
3  180  30.05  53.02 
4  240  0.28  0.50 
5  300  21.39  37.74 65 
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Fig. 3.29a Time domain waveform of phase B current of the first floor computer lab 
distribution panel 
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Fig. 3.29b Frequency spectrum of the phase B current waveform of the first floor 
computer lab distribution panel 
Table 3.29a Phase B current measurements of the first floor computer lab 
distribution panel 
RMS current(  hase B)in Am  s  Crest factor 
16.50  2.75 
Table 3.29b Harmonic value measurements of the first floor computer lab panel 
phase B current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  12.86  77.96 
2  120  0.08  0.49 
3  180  7.06  42.77 
4  240  0.06  0.38 
5  300  5.86  35.49 66 
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Fig. 3.30a Time domain waveform of phase C current of the first floor computer lab 
distribution panel 
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Fig. 3030b Frequency spectrum of the phase C current waveform of the first floor 
computer lab distribution panel 
Table 3.30a Phase C current measurements of the first floor computer lab 
distribution panel 
RMS current  Crest factor 
2.82 
Table 3.30b Harmonic value measurements of the first floor computer lab panel 
phase C current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  10.30  66.18 
2  120  0.19  1.20 
3  180  8.35  53.65 
4  240  0.13  0.84 
5  300  6.49  41.72 67 
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Fig. 3.31a Time domain waveform of neutral current of the first floor computer lab 
distribution panel 
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Fig. 3.31b Frequency spectrum of the neutral current waveform of the first floor 
computer lab distribution panel 
Table 3.31a Neutral current measurements of the first floor computer lab 
distribution panel 
RMS current(neutral)in Am  s  Crest factor 
34.05  2-34 
Table 3.31b Harmonic value measurements of the first floor computer lab neutral 
current 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  15.89  46.67 
2  120  0.04  0.13 
3  180  28.65  84.14 
4  240  0.10  0.29 
5  300  3.38  9.91 68 
3.9.2  Uninterruptible Power Supplies 
3.9.2.1  Background 
Uninterruptible  power  supplies  (UPS)  in  commercial  office  buildings  and  industrial 
environments act as battery backup sources and provide power for continuous operation 
of the  industrial  or commercial equipment connected to  them  and reduce  the  risk of 
serious damage and cost through failures in power quality when the main supply fails. 
UPS's are rated in  volt-amperes or "V A."  The "VA"  rating of the UPS  can be 
determined by  first  determining  the  VA  rating  of each  piece  of equipment  and  then 
summing up  the  V  A ratings of all  the equipment that are to be connected to the UPS 
system. 
3.9.2.2  Two Basic Types Of  UPS: Online And OffLine 
In  case of online UPS, all  incoming mains power is converted into DC power by the 
rectifier /charger. Fig. 3.32 shows an online UPS system. The DC is converted back into 
AC by the inverter and fed to the load. The on-line UPS provides clean power all the time 
because  the  UPS  is  always  converting  from  AC  to  DC  to  AC,  thus  providing  an 
independently regenerated sinew  ave output to the load. As a result the online UPS fully 
protects the computer load from all on-going and often transparent power problems on 
the utility line. Other types of systems do not provide this power conditioning protection. 
In Fig. 3.32 shown below the bypass is used in the case of UPS malfunction. 
AC   rectifier 
Inverter 
supply 
* 
DC  1 
fllle' 
- -
I--- load 
-=-battel)' 
Fig. 3.32a Online UPS topology 69 
When a main failure occurs, the inverter draws DC power from the battery instead of the 
rectifier. 
~tatiC transfer switch I 
AC supply  rectifier 
inverter 
* 
DC  1 H 
I BATTERIE~ 
~~ 
static transfer switch 
load 
Fig. 3.32b OtT line UPS topology 
The off-line type UPS is directly fed from the mains in normal operation. If a 
failure occurs, the UPS  converter is  switched to the load side taking energy from  the 
batteries and reverts back to stand- by operation when the mains failure is over. 
The  online  UPS  technology  is  generally  regarded  as  superior  to  off-line  and  line-
interactive designs, and one, which is essential, where mains power might be subject to 
fluctuation or interference. 
3.9.2.3  Power Quality Issues Of  UPS Systems 
Usually  with  an  on-line  UPS  the  output  power  has  lower  total  harmonic  distortion 
compared to off-line UPS systems. The off-line UPS system passes higher frequencies of 
voltage and currents, and as  a result we see the harmonic distortions of the current and 
voltage  waveforms. Off-line systems cannot handle nonlinear  (typical nonlinear loads 
such as digital control systems (DCS) and computer loads) loads well. Therefore, in order 
to supply these types of loads, off-line systems must often be oversized. If the systems 
are  not  oversized  to  handle  these  types  of loads,  then  the  load  current  has  higher 70 
harmonic components, resulting in the  "flat topping" of the voltage waveform and the 
current waveform. 
3.9.2.4  Power quality measurements of the UPS system on the second floor of the 
Dearborn building 
The THD observations of the two phase currents measured are in the range between 55%-
60%. The RMS current of the phase A current is 5.48 Amps and the RMS current of the 
phase  B  current is  23.46  Amps.  This  shows  that  there  are  a  large  number of loads 
drawing  current  from  phase  B.  The  predominant  harmonics  of  the  phase  current 
waveforms are the third and fifth. The tables below the waveforms show the values of CF 
and the  values  of each  harmonic  content.  The third harmonics  add up  in  the  neutral 
resulting in high distortion of the current waveform. The neutral current can be seen in 
Fig.( 3.34) with a THD of 86.44%. 
Output current of the UPS: As can be seen in Fig. (3.35) the output current waveform of 
the  UPS  is  flat-topped  with  a THD of 45.78%.  The dominant harmonic  is  the  third 
harmonic. 
Output voltage of the UPS: The voltage waveform (line-neutral) is shown in Fig. (3.36). 
The THD is 5.95%.  The voltage waveform is completely flat-topped because of all the 
nonlinear computer loads drawing current at the peak of the sine wave. 71 
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Fig. 3.33a Time domain waveform of phase A current of second floor UPS system 
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Fig. 3.33b Frequency spectrum of the phase A current waveform of the second floor 
UPS 
Table 3.33aPhase A current measurements of the second floor UPS 
RMS current(  hase A)in Am  Crest factor  s 
2.52 5.48 
Table 3.33b Harmonic value measurements of the second floor UPS 
Harmonics  FreQuencv(Hz)  ImaJ?;(Amps)  %Irms 
1  60  4.59  83.79 
2  120  0.Q1  0.21 
3  180  2.29  41.72 
4  240  0.01  0.25 
5  300  1.51  27.51 72 
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Fig. 3.34a Time domain waveform of Phase B current of the second floor UPS 
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Fig. 3.34b Frequency spectrum of the phase B current waveform of the second floor 
UPS 
Table 3.34a Phase B current measurements of the second floor UPS 
Crest factor 
2.47 
Table 3.34b Harmonic value measurements of the second floor UPS 
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  18.77  80.02 
2  120  0.14  0.61 
3  180  lO.95  46.67 
4  240  0.14  0.59 
5  300  7.34  31.30 73 
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Fig. 3.35a Time domain waveform of neutral current of  second floor UPS 
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Fig. 3.35b Frequency spectrum of the neutral current waveform of the second floor 
UPS 
Table 3.35a Neutral current measurements of the second floor UPS 
Crest factor 
2.35 
Table 3.35b Harmonic value measurements of neutral current of the second floor  
UPS  
Harmonics  FrequenmHzl  Imag(Amp_sJ  %Irms 
1  60  8.07  50.18 
2  120  0.11  0.66 
3  180  13.18  81.98 
4  240  0.09  0.58 
5  300  3.31  20.60 74 
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Fig. 3.36a Time domain waveform of the Output current of the second floor UPS 
system 
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Fig. 3.36b Frequency spectrum of the output current waveform of  the second floor 
UPS 
Table 3.36a Neutral current measurements of the second floor UPS 
RMS current(  ou  Crest factor 
26.92  1.92 
Table 3.36b Harmonic value measurements of neutral current of the second floor  
UPS  
Harmonics  Frequency(Hz)  Imag(Amps)  %Irms 
1  60  23.94  88.92 
2  120  0.08  0.28 
3  180  11.27  41.86 
4  240  0.34  1.25 
5  300  3.58  13.28 75 
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Fig. 3.37a Time domain waveform of the output voltage (line-neutral) of  the UPS 
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Fig. 3.37b Frequency spectrum of the output voltage (line-neutral) waveform of the 
second floor UPS 
Table 3.37a Voltage (line -neutral) measurements of the UPS 
Crest factor 
1-34 
Table 3.37b Harmonic value measurements of the UPS line- neutral voltage 
Harmonics  Frequency(Hz)  Vmag (volts)  %Vrms 
1  60  119_97  99.84 
2  120  0.44  0.36 
3  180  2.92  2.43 76 
3.10  Discussion 
From the  voltage and current waveforms of the two buildings we  can say that the two 
buildings exhibit similar power quality charactelistics.  For non-linear loads  (basically 
computer loads)  on  both  the  buildings  the  average  THD of the  significantly distorted 
phase current is  in  the range of 60%-80%, phase-neutral voltage is  1%-4%, line-to-line 
voltage is  in  the range  1%-4%  . This shows that despite the fact that different building 
electrical configurations are used in  the different buildings, the nonlinear power supply 
based loads exhibit similar power quality characteristics. 77 
Chapter 4 
DEVELOPMENT OF A POWER QUALITY SIMULATOR FOR COMMERCIAL  
OFFICE BUILDINGS  
4.1  Introduction 
In  commercial  office  buildings  a three-phase  transformer supplies  most of the  loads. 
These are mostly single-phase rectifier loads with a rectifier front-end applied between 
one of the three phases and the neutral. If  the k  V  A rating of the SMPS based total load 
applied  on  each  phase  is  known,  one  would  be  able  to  evaluate  the  power  quality 
concerns of the voltages and currents drawn by the loads on each phase of the three phase 
distribution system.  Based on  this approach,  a power quality simulator was developed 
and  implemented  to  test  its  effectiveness  on  two  commercial  office  buildings  (ECE 
building  and  Dearborn  Hall  of Oregon  State  University).  The  results  obtained  from 
simulations are compared with the measured values. PSpice has been used as a tool for 
developing this power quality simulator. 
4.2  PSpice Model OfA Commercial Office Building 
The  entire  power  distribution  configuration  of the  building  can  be  simplified  into  a 
model,  and  simulations  can  be  performed  to  evaluate  the  various  performance 
parameters. The PSpice model of a commercial building configuration is shown in Fig 
(4.1). Three phase transformer and load models are built using subcircuit analysis within 
PSpice. The load models represent the single-phase diode bridge rectifiers of the power 
supplies. The PSpice input file is listed in  appendix A-I. Appendix A-2 to A-7  list the 
different aspects of using PSpice for creating subcircuits, copying models from a library 
to other etc. Details of the transformer kVA and voltage levels are obtained during the 
site inspection of the building and also from  the one-line diagram of the building. The 
secondary of the  transformer supplies the  distribution panels from  which  all  the three 
phases  and  neutral  line  are  routed  throughout  the  building  floors.  The  design  of the 
models for linear and nonlinear loads is shown in the Subsection (4.4) 78 
Careful study of the building distribution system helps in detennining the types of 
loads commonly used on  the system.  In  the two buildings surveyed, most of the loads 
encountered on the system are single-phase rectifier loads as shown in Fig. 4.2 
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Fig. 4.1 ECE building power distribution scheme 79 
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Fig. 4.2 Input AC source supplying a rectifier load 
4.3  Analysis Of  Single Phase Diode Rectifier 
4.3.1  Introduction 
The rectifier converts AC power on the input side of the block to DC power_  This DC 
voltage serves as input for the equipment (load) connected to it. The capacitor on the DC 
side of the rectifier reduces the ripple of the DC voltage_  Mathematically, the DC  side 
voltage is obtained by assigning an  arbitrary time origin at t=O  and then integrating the 
voltage  Vac  =.J2  sin(wt)dt  over one half of the time period [22].  The DC side voltage 
over one half cycle can be expressed as: 
T 
1 "}  r;;,.  2.J2 
VDC =T J-v 2Vac sm(wt)dt =--Vac =O.9Vac  (4.1) 
-0  n 
2 
where,  Vac is  the  RMS  value  of the  input  voltage.  In  an  ideal  case  when  the  line 
inductance Ls is zero and the DC-link capacitor is not large, the  transition of current from 
a positive value  to a negative value is instantaneous. So the current waveform  is linear. 
This is  the case with linear loads. However in  case of the most common and practical 
diode  bridge  rectifiers  with  a  finite  line  inductance  and  a  large  DC  capacitor,  the 
transition  of current  from  a  positive  value  to  a  negative  value  is  not  instantaneous. 80 
Consequently,  a  discontinuity  in  the  current  waveforms  is  seen.  The  operation  of a 
rectifier is further explained in the next Subsection. 
4.3.2 	 TheoreticalAnalysis OfThe Single Phase Bridge Rectifier (Voltage Link 
Rectifier) 
The single-phase bridge rectifier low output resistance, the RC time constant at the output 
falls.  As  a result,  the ripple increases.  The  ripple  may be  quantified by the  following 
equation: circuit is shown in Fig. 4.2. A large capacitor is used at the output to filter the 
rectified voltage. The ripple at the output depends on  the load current, i.e.,  if the load 
current is large as a result of 
T
(1-exp(--» 	 (4.2) ~V =VAC  2RC 
It is apparent that the ripple is zero for an open circuit at the output. Under this 
open circuit condition, the load voltage is equal to the peak of the input sine wave minus 
two diode conduction drops. The ripple increases as the load resistance decreases. 
The  diodes  in  the  circuit  tum  on  whenever  the  input  sinusoid  exceeds  the 
capacitor voltage by a magnitude equal to the cut-in voltage of the diode. The capacitor 
then begins to charge. The line current during this charging period can rise to very large 
magnitudes. These currents are known as  the inrush currents and are usually limited by 
the line inductance  (impedance) of the transformer.  The effects of the source impedance 
do not cause commutation overlap in this rectifier. This is  because the diodes conduct 
only for a fraction  of the whole period of the input sinusoidal waveform. The THD of 
current  drawn  from  the  utility  is  very  high  with  these  types  of loads.  The  harmonic 
magnitudes of these current waveforms can only be estimated by numerical analysis (e.g., 
Fourier analysis). 81 
4.4  Design Of  Parameters Used In Simulations 
4.4.1  Transfonner Tums Ratio 
The desired value of voltage that should be  applied at  the input side of a load can  be 
obtained by  adjusting the  turns  ratio  of the  transformer.  In  the  cases  under study  the 
desired phase voltage at the input side of the load is 120 V. The turns ratio is adjusted to 
achieve this voltage. 
4.4.2  Design ofthe loadresistance 
The power on the DC side of a rectifier is given by: 
(4.3) 
The current on the DC side of the rectifier can be approximated to be equal in  value to 
that on the AC side.  So we have 1DC =10 • The current flowing through the resistive load 
is given by: 
(4.4) 
Substitution of equation 4.4 into 4.3 results in: 
(4.5) 
From equation 4.5 the load resistance,  Rloat/  can be estimated if the RMS value of the line 
voltage, the kV A rating and PF of the total lumped load on each phase are known. 82 
4.4.3  Design ofthe DClink capacitor 
A DC  link capacitor  serves  the  purpose  of filtering  rectified  sine  waves  and  storing 
energy. The ripple voltage across the filter capacitor is a function of the amount of filter 
capacitance, the input frequency, and the load resistance or the load current. Depending 
on  these factors, a suitable capacitor value is  selected. Ripple factor should be selected 
carefully because it influences the other design parameters. In the case of linear power 
supplies, the ripple factor is often in  the range of 0.1-0.5  [23]. For switch mode power 
supplies,  a ripple  of 5%  is  commonly  allowed  [23].  The  amplitude  of the  dominant 
second order voltage harmonic component across the  rectifier output filter capacitor is 
given by: 
1 V  0,2  (4.6)
L,2= 2*w *C  o 
Moreover the allowable output voltage ripple is usually defined as: 
100 *VDC,2(rms) Ripple  %=--~~:..:...  (4.7) 
VDC,o 
On substitution of equation 4.7 into equation 4.6 we end up with the following equation: 
100* 10,2 
Co=-=~--------~------- (4.8)
..fi*VDC,O *2*w*(Rippie%) 
Where, the second order current harmonic component is defined as: 
2  2 
10 ,2 = ~1O,nns  - 10,av  (4.9) 
and the RMS current is defined as: 
1  _  VDC/O,av  (4.10)
O,rms  - (V  ) *P  F 
Ac'rms 
The average value of the output current on the DC side of the rectifier is given as 
1  =  PDC  (4.11) O,av  V 
DC 83 
When equations 4.10 and 4.11  are substituted into 4.9 we  obtain an  expression for the 
second order harmonic current which can be plugged into equation 4.8. 
We know the value of w=(2*3.14*f)=377Hz for a frequency of 60Hz, and the value of 
VDC,pk  = Ji*(0.9) *VA C,rms  =1.27(VAC,rms)'  In  this  model  a ripple of 5%  for  nonlinear 
loads and 50% for linear loads was assumed. The total kVA rating of the load on each 
phase  is  known,  so  the  only  unknown  parameter  Co  is  determined  using  the  above 
analysis and then using equation 4.8. 
4.4.4  Design OfLine Inductance 
Another parameter, which plays an important role in modeling the simulator, is the line 
inductance. If the value of the line inductance is  low, the rectifier operates more in  a 
discontinuous mode resulting in the input current becoming narrow pulses. The following 
p.u values are assumed to determine the line inductance. 
VAC  = Ip.u, 10 =Ip.u  (4.12) 
V AC pu
1 p.u impedance =--'- (4.13) 
lo,pu 
Knowing  the  p.u  impedance  value  from  equation  4.13,  we  can  determine  the  pu 
inductance as: 
.  d  Ipu(impedance)
1p.u In uctance = .....:....--.:....--=-----'- (4.14)
377 
The diode rectifier can operate either in continuous or discontinuous mode of operation.  
A large filter inductor is required for continuous conduction mode to yield a high input  
power factor.  There are two types of discontinuous modes of operation.  
Discontinuous mode I:  In  this case the steady state output current goes to zero before  
oot=1t.  
Discontinuous mode II: In this case the steady state output current goes to zero at 1t <oot  
<1tHl, where a is the angle at which the diode starts conducting. 84 
The input power factor of the diode rectifier is computed using the equation 4.15 shown 
below. 
/.  l..{i
1,1  cos(q,)  (4.15) 
n=oo 
L,(li,n 1..{i)2 
n=1 
where  Ii,n is  the  nth  harmonic  component  of input  current  Ii  and  cp  is  phase  angle 
difference between input fundamental voltage and fundamental current Ii . From equation 
4.15 the variation of input power factor in discontinuous modes I and IT  can be graphed 
with load voltage (Voc) and are shown in Fig-6 [21]. The output power Pr of the bridge 
rectifier is given by 
Pr =Voc * 10.0  (4.16) 
Where 10.0 is the average rectifier output current. Using equation 4.16 the variation of 
output power Pr is graphed and is shown in Fig-7 of [21] as a function of voltage Voc for 
different values of the input inductor Ls. From these two Figs the value of Ls at maximum 
input  power factor  to  deliver  1.0  p.u  Pr  is  found  to  be  0.1  p.u  and  is  used  in  this 
simulations to determine exact value of the line inductor Ls.  So,  mUltiplying equation 
4.14 with a factor of 0.1 yields the actual value ofLs in Henrys.  
Another method used to determine the line inductance is  by starting with  transformer  
impedance of 5%. We know that  Z =V2  and using this value in X=O.05*(Z) =(27tf)*L
S 
we determine value of L.  When the kVA rating of the load and also the secondary side 
voltage  of  the  /l-Y  connected  transformer  supplying  the  load  are  know,  we  can 
approximate the line inductance from the above analysis. 
4.4.5  Design OfThe LoadResistance AndDCLink CapacitorForECEBuilding 
AndDearbom Hall 
The RMS phase voltage on the input side of the rectifier is VAC =120 V.  A wide range of 
simulations were performed on a single-phase diode bridge rectifier with different load 
values, with a filter capacitance of lower range. The values of the kVA ratings of the load 85 
on each phase are calculated in Section 3.9.1. They can be substituted in the equation 
4.17 below to determine the load resistance to be used for simulation of partially linear 
loads (half-linear loads and half-nonlinear loads). 
R  =(0.9 *120)2 =11664  (4.17) 
load  kVA  kVA 
In case of linear loads we assume that the DC voltage across the dc-link capacitor of the 
rectifier loads is ripple free.  In case of commercial office buildings where the loads are 
not purely linear, there is some ripple on the output DC voltage. The ripple factor can be 
defined as a ratio of the difference of the peak value of charging of the capacitor and the 
minimum  value  of discharging  to  the  peak  value  of charging  of the  capacitor.  For 
partially  linear  loads  since  the  difference  between  the  peak  value  of charging  the 
capacitor and the value of discharging the capacitor is high the ripple factor is high. As a 
result 50% ripple factor was used for power quality simulations of partially linear loads in 
Owen hall and Dearborn Hall. Similarly substituting the known values of 0>,  V DC,pk  and 
using the definition of ripple content a ripple factor of 50% was found for partially linear 
loads the capacitor value in terms of the kV  A rating for this building load is: 
C  =  kVA  (4.18) 
o  23265116.31 
For nonlinear loads since the capacitor charging and discharging occurs on the peak of 
the sinusoidal voltage waveform the ripple factor is low. So a value of 5% was used for 
nonlinear loads. Equation 4.19 describes the load resistance for nonlinear loads. 
The phase voltage on the input side of the rectifier is VAC =120V, rms . The values of the 
kVA ratings of the load on each phase are calculated in Section 3.9.1. Equation 4.4 was 
used in the  simulation profile to determine the load resistance.  Here we use the peak 
value of the DC voltage. 
R  =(0.9 *.fi*120)2 =23320  (4.19) 
load  kVA  kVA 
Similarly substituting the known values of 0>,  VDC,pk  and assuming a ripple factor of 5% 
for nonlinear loads the capacitor value in terms of the kV  A rating for this building loads 
is 86 
c  =  kVA  (4.20) 
o  3556286.316 
Equations 4.17 and 4.18 were used for analyzing the load models of the first floor and the 
fourth floor of ECE building and also the basement floor of Dearborn Hall because they 
have heavier linear load characteristics. Equations 4.19 and 4.20 were used for analyzing 
load models of the  second  and  third floors  of ECE building  and  the  computer lab  of 
Dearborn Hall because those load characteristics were predominantly nonlinear. 
4.4.6  Determination OfThe Source OrLine Inductance ForDifferent Floors OfThe 
Building 
The RMS  currents of all  the phases for all  the floors  in the ECE building are obtained 
from  measurements  and Tables  in  Chapter 3.  They  range  from  29.83  Amps  to  64.58 
Amps. Assuming unit voltages and currents and using the equations from 4.13 to 4.16, 
the line inductance for ECE building analysis was computed to lie between 600uH and 
ImH. Thus in  the  simulations,  ImH was  used for floors  one and four which  displays 
more  continuous  operation  whereas  600uH was  used  for  floors  two and  three  which 
display discontinuous mode of operation. 
4.5  Simulation Results Of  EeE Building 
4.5.1  First Floor Results 
First  floor  simulation results  of phase  voltage,  phase currents  and neutral  current are 
shown in Fig. 4.3 to Fig. 4.12. 
Simulated values of the phase A voltage waveform of the first floor with an RMS 
value of 122 V and its corresponding frequency spectrum, with minimal THD are shown 
in Figs 4.3 and 4.4 87 
200V,------------------------------------, 
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Fig. 4.3 Phase A to neutral voltage waveform of the first floor of  ECE building 
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Fig. 4.4 FFr of Phase A to neutral voltage waveform of the first floor of ECE 
building 88 
Phase A current waveform and its frequency spectrum for the first floor have been shown 
from the PSpice simulation results in Figs 4.5 and 4.6 respectively. Equations 4.17 and 
4.18 were used to determine the load resistance and capacitor value. Load resistance of 
5.60hms and-filter capacitance of l00uF was used for this simulation. Figs 4.5 and 4.6 
can be compared with measured values shown in Fig. 3.3. 
4~.--------------------------------------------------------, 
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Fig. 4.5 PSpice simulation results of the first floor phase A current waveform of 
ECE building 
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Fig. 4.6 Resulting FFf from PSpice simulation of first floor phase A current of  ECE 
building 89 
Phase B current wavefonn and its frequency spectrum for the first floor have been shown 
from the PSpice simulation results in Fig. 4.7  and 4.8 respectively. Equations 4.17 and 
4.18 were used to detennine the load resistance and capacitor value.  Load resistance of 
3.9 ohms and filter capacitance of 180uF was used for this simulation 
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Fig. 4.7 PSpice simulation results of the first floor phase B current waveform of 
ECE building 
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Fig. 4.8  Resulting FIT from PSpice simulation of  first floor phase B current of ECE 
building 90 
Phase C current waveform and its frequency spectrum for the first floor have been shown 
from the PSpice simulation results in Fig. 4.9 and 4.10 respectively. Load resistance of 
4.4 ohms and-filter capacitance of 200uF was used for this simulation. Refer A-lO for 
details of design parameters used. 
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Fig. 4.9 PSpice simulation results of the first floor phase C current waveform of 
ECE building 
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Fig. 4.10 Resulting FFf from PSpice simulation of first floor phase C current of 
ECE building 91 
The three phase currents shown  above add up into the neutral  .The resulting current is 
shown in Fig. 4.11  and the FFT of the waveform is shown in Fig. 4.12. The current at the 
fundamental frequency occurs due to phase current imbalance and the current at 180Hz, 
300Hz etc occurs due to harmonic imbalance. The equations showing how  to compute 
these imbalances were calculated using the equations 3.1 and 3.2. 
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Fig. 4.11 PSpice results for the neutral current of the first floor of ECE building 
'tsIlllT--------------------------------------------------------------------------------------------------------------------------------------l 
neutrol  current  of  the  first floor Of  the  buildlnQ under  study
I",  "  - ·  !,,: 
--I  ....  \  
1_:::____________1 
"z  •.  2KHZ  _ ....HZ  _.6.Hz  _.e"Hz  't._Hz  '.2KHz 
o  l(fIISIt) 
Fig.  4.12 PSpice results of FFT of the neutral current of the first floor of ECE 
building 92 
4.5.2  SecondFloor Simulation Results 
It has been shown from experimental results in Chapter 3 that on this floor most of the 
loads are non-linear and most of them are computer loads so we observe relatively high 
distortions in voltage and currents. The results of the phase voltage and the phase currents 
and neutral currents are shown here from simulations. The FFf analysis shows the third 
harmonic  component of the  phase  voltage.  We can  also  see  some flat  topping  of the 
voltage wavefonn in Fig. 4.14. 
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Fig. 4.13 Phase A voltage waveform of the second floor of ECE building 
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Fig. 4.14  FFT of the phase A voltage waveform of the second floor of ECE building  93 
Phase A current waveform of the main panel of the second floor and the corresponding 
FFf of this waveform are shown in Figs 4.15 and 4.16 from simulations. Equations 4.19 
and 4.20 were used to determine the load resistance and capacitor value. Load resistance 
of 4.49 ohms and-filter capacitance of 1300uF was used for this simulation. 
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Fig. 4.15 Phase A current waveform of the second floor obtained from PSpice 
results 
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Fig. 4.16 FFf of  phase A current waveform of the second floor 94 
Phase B current waveform of the main panel of the second floor and the corresponding 
FFf of this waveform are shown in Figs 4.17 and 4.18 from simulations. Equations 4.19 
and 4.20 were used to determine the load resistance and capacitor value. Load resistance 
of 3.96 ohms and-filter capacitance of 1650uF was used for this simulation. 
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Fig. 4.17 Phase B current waveform of the second floor obtained from PSpice results 
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Fig. 4.18 FFT of phase B current waveform of the second floor 95 
Phase C current waveform of the main  panel of the second floor and the corresponding 
FFf of this waveform are shown in Figs 4.19 and 4.20 from simulations. Equations 4.19 
and 4.20 were used to determine the load resistance and capacitor value. Load resistance 
of 28.54 ohms and-filter capacitance of 230uF was used for this simulation. 
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Fig. 4.19 Phase C current of the second floor obtained from PSpice results of ECE 
building 
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Fig. 4.20 FFT of phase C current waveform of the second floor of ECE building 96 
The  neutral  current  of the  second  floor  is  the  result  of the  addition of all  the  phase 
currents of this floor.  The results of neutral current and its FFT are shown in Figs 4.21 
and 4.22. 
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Fig. 4.21 Neutral current of the second floor obtained from PSpice results ofECE 
building 
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Fig. 4.22  FFf of the neutral current of the second floor of ECE building 97 
4.5.3  Third Floor Simulation Results 
The phase voltage of the third floor is shown below in Fig. 4.23.  We can notice some flat 
topping  of the  voltage  waveform  and  the  third  harmonic  component  seen  from  the 
frequency spectrum in Fig. 4.24 has a magnitude of 3.1 Volts. 
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Fig. 4.23 Phase A line- voltage of the third floor of ECE building 
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Fig. 4.24 FFT of the phase A line-neutral voltage of the third floor 98 
Phase A current waveform of the main panel of the third floor and the corresponding FFf 
of this waveform are shown in Figs 4.25 and 4.26 from simulations. Equations 4.19 and 
4.20 were used to determine the load resistance and capacitor value. Load resistance of 6 
ohms and-filter capacitance of 1000uF was used for this simulation. 
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Fig. 4.25 PSpice results of phase A current of the third floor (ECE building) 
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Fig. 4.26 PSpice results of the FFT of phase A current waveform of the third floor 
(ECE building) 99 
Phase B current waveform of the main panel of the third floor and the corresponding FFf 
of this waveform are shown in Figs 4.27 and 4.28 from simulations 
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Fig. 4.27 PSpice results of phase B current waveform of the third floor (ECE 
building) 
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Fig. 4.28 PSpice results of the FFT of phase B current waveform of the third floor 
(ECE building) 100 
Using the same analysis the phase C current is also simulated. Only the neutral current of 
this floor is shown in Figs 4.29 and 4.30.The neutral current waveform of the third floor 
is  shown in Fig. 4.29 and the corresponding frequency spectrum is shown in  Fig. 4.30. 
The  dominant  harmonic  is  the  third  which  is  almost  1.42  times  the  fundamental 
component in this case. 
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Fig. 4.29 PSpice results of the Neutral current waveform of the third floor of  ECE 
building 
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Fig. 4.30 PSpice results of the  FFT of neutral current waveform of the third floor of 
ECE building 101 
4.5.4  Fourth Floor Simulation Results 
For this floor the same analysis used for the first floor is used because the loads on this 
floor  are  mostly  linear  loads.  So  equations  4.17  and  4.18  apply  for  parameter 
computations on this floor. Only phase A waveform and its corresponding FFf are shown 
below in Figs 4.31 and 4.32. 
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Fig. 4.31 Phase A current waveform of the fourth floor of  ECE building 
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Fig. 4.32 Frequency spectrum of the phase A current waveform of the fourth floor 
of ECE building 102 
4.6  Simulation Results Of  Dearborn Hall 
The same models used for simulations of the ECE building were used for the Dearborn 
Hall power quality simulations to verify the effectiveness of the load models. The same 
analysis used for the ECE building works on this building performance. 
The phase A current waveform of the  main  distribution  panel  of the Dearborn 
building  and its  corresponding  frequency  spectrum  are  shown  in  Figs  4.33  and  4.34 
below. In  this analysis equations 4.17 and 4.18 were used because the load was mainly 
linear. 
20QA 
QA 
-200A 
Os  14mo  l5ms 
o  I(IAC) 
Fig. 4.33 Phase A current waveform of the main distribution panel of Dearborn 
building 
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Fig. 4.34 FFT of phase A current of the main distribution panel of Dearborn 
building lO3 
4.7  Results 
The  results  of simulations  will  be  tabularised  and  the  simulation  results  of the  two 
buildings will be compared with the experimental results of the two buildings in the next 
Chapter. 
4.8  Demonstration Of  Mitigation Techniques 
In Section 2.8 we have discussed the negative effects of harmonics on commercial office 
building performance. Some mitigation techniques were discussed in  Section 2.lO. The 
most widely used technique for fast and effective mitigation of harmonics in commercial 
office buildings is the parallel controlled resonant filter. This filter was implemented in 
all  the simulations but only the improvement of the current waveform using this filter is 
demonstrated below in  Figs 4.35 and 4.36. Looking back at  Fig 4.15, which shows the 
same phase B current waveform without filter the THO is 63.76%, but from the results 
shown below the THO is around 12.6 %. This shows that there is almost 80% decrease in 
THO with the  use of filter. The use of this filter is  shown on  the second floor phase B 
current. More detailed results are presented in Tables 5.7 and 5.8.  Refer to Appendix A-9 
for parameter details. 
100A.---------------------------------, 
IhIse B c=rent \'B\Iefonn of tie sea:n:i floor with filter 
OA 
-lOOA+--------.--------.------...--------.--------l 
Os  lCkrs  2Ckrs  30rrs  40rrs  50rrs 
o  -I(L31) 
T:ine 
Fig. 4.35 Phase B current waveform of second floor with Parallel Connected 
Resonant Filter 104 
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The  main  block  models  of the transformer  and  the  two  different  loads  are  shown  in 
appendix A-I. Note that all the simulation waveforms (PSpice results) shown in Figs 4.3 
to  4.36  can  be  compared  with  the  measured  values  given  in  Chapter  3.  A  detailed 
comparison of  the simulation and measured values will be presented in Chapter 5. 
4.9  Discussion 
A new power quality simulator to study the power qualiy performance of a building is 
proposed.  How to use the power quality simulator is  detailed  in appendix A-I  to  A-7. 
This simulator displays the ability to detect the harmonic content of currents and voltages 
depending on the kV  A rating  of the load applied on the system.  The simulation results 
presented  in  this  Chapter  are  verified  with  experimental  results  in  Chapter  5.  Also 
simulation results with the use of  a shunt filter for harmonic mitigation is demonstrated in 
Section 4.7. 105 
Chapter 5 
SUMMARY OF RESULTS AND CONCLUSIONS 
5.1  ECE Building Results 
The simulated data of the RMS values and THO's of currents and phase voltages of the 
ECE building presented in Chapter 4 are compared with the corresponding experimental 
results from Chapter 3. The summary ofthe results are showed in Tables 5.1  and 5.2. 
Table 5.1 Experimental results ofECE building 
Floor 
Phase A current  Phase B current  Phase C current  Phase voltage 
Rms  %THD  rms  %THD  rms  %THD  rms  %THD 
1  29.83  9.82  44.49  9.37  39.26  17.36  121.63  2.2 
2  56.67  70.34  64.5  65.33  8.94  69.82  122.05  3.65 
3  41.49  62.23  55.92  66.39  4.49  78.16  122.05  3.65 
4  90.92  26.27  78.6  23.48  80.56  22.07  122.2  2.34 
Table 5.2 Simulation results of ECE building 
Floor 
Phase A current  Phase B current  Phase C current  Phase voltage 
Rms  %THD  rms  %THD  rms  %THD  rms  %THD 
1  29.3  11.9  42  8.35  38.5  13.35  120.9  1.9 
2  51.4  66.8  60.1  63.76  8.5  66.8  120.8  3.01 
3  40.35  70  58.87  65.3  4.22  84.37  123.01  3.01 
4  94  26.92  83.6  19.38  82.2  19.4  123.2  1.8 106 
It can be inferred from the above two Tables that the RMS phase currents and the 
THD's of the simulations are in  fair agreement with the experimental results with only a 
small percentage of deviation. Table 5.3 below shows the actual percentage deviation of 
the simulation results of phase currents and THD's from the experimental results. It  can 
be seen that the deviation in. the rms values of currents of all the floors are in the range of 
1.77% to 9.2% .The THD's of all the floors deviate between 2% and 17.4%. 
Table 5.3 Deviation of the simulation results as % of the experimental results (ECE 
building). 
Floor 
Phase A current  Phase B current  Phase C current  Phase voltage 
Rms  THD  rms  THD  rms  THD  rms  THD 
1  1.77%  2%  5.5%  10.8%  1.9%  23%  0.65%  36% 
2  9.2%  17.4%  6.8%  2.4%  4.9%  4.3%  1.0%  21.9% 
3  2.7%  5.03%  5.01%  1.6%  6.01%  7.3%  0.7%  15% 
4  4.1%  2.4%  6.3%  17%  1.9%  11.8%  0.85  23% 107 
5.2  Dearborn Hall Results 
The following Tables 5.4 and 5.5 show the experimental and simulation results of phase 
currents and phase voltage of the main distribution panel and computer lab of Dearborn 
Hall. It can be seen that the experimental results are  again in fair accordance with the 
respective simulations. 
Table 5.4  Experimental results of phase currents and phase voltage of Dearborn  
Hall  
Floor 
Phase A current  Phase B current  Phase C current  Phase voltage 
rms  %THD  rms  %THD  rms  %THD  rms  %THD 
Basement  426.9  19.69  315.4  15.16  263.5  15.38  123.05  1.02 
Computer 
lab 
56.67  70.34  16.50  62.51  15.56  74.58  123.61  1.79 
Table 5.5 Simulation results of phase currents and phase voltage of Dearborn Hall 
Floor 
Phase A current  Phase B current  Phase C current  Phase voltage 
rms  %THD  rms  %THD  rms  %THD  rms  %THD 
Basement  420.1  16.6  340.4  16.19  265.85  12.83  122.05  1.01 
Computer 
lab 
54.5  68.4  16.69  68.51  15.95  80.66  122.31  2.1 
Table  5.6  shows  the  deviation  of  simulation  results  from  experimental  results  for  
Dearborn Hall.  The deviation  of phase  currents between  simulations and experiments  108 
ranges from 0.9% to 7.9%. The deviation of THD's of phase currents and phase voltage 
varies from 0.9 % to 16.5%. 
Table 5.6 Deviation of the simulation results as % of experimental results of  
Dearborn Hall  
Floor 
Phase A current  Phase B current 
Phase C current  Phase voltage 
%rms  %THD  %rms  %THD  %rms  %THD  %rms  %TH 
D 
Basement  1.5  15.6  7.9  6.3  0.9  16.5  0.8  0.9 
Computer 
lab ( 115) 
3.8  2.7  1.1  8.7  2.5  7.5  1.05  14 
5.3  Results With The Use Of  Filter For ECE Building 
The simulation results with the application of filtering techniques are compared against 
the  corresponding  data  without  filtering  (Table  5.7).  It  can  be  seen  that  there  is  a 
c01).siderable  reduction  in  the  THD  with  the  use  of a  passive  filter.  The percentage 
decrease of THD's occur in the range of 28.79 % to 94.44% of THD's from the original 
values  without  the  use  of filters.  Thus,  significant reduction  in  THD of currents  and 
voltages can be realized with the use of filtering techniques. 109 
Table 5.7 Comparison of THD's with and without filter (simulation results) 
THD's of  currents and 
voltages without filter 
floor  A(%THD)  B(%THD)  C(%THD)  V(L-N)(%THD) 
I  11.9  8.35  13.35  0.9 
2  66.8  63.76  66.8  2.8 
3  70  65.3  84.37  3.01 
4  26.92  19.38  19.4  1.8 
THD's of  currents and 
voltages with filter (Using 
Parallel connected resonant 
filter) 
floor  A(%THD)  B(%THD)  C(%THD)  V(L-N)(%THD) 
1  3.48  4.1  6.3  0.05 
2  14  12.6  27  0.3 
3  16  13.6  32  0.6 
4  13  13.8  13.2  0.1 
Table 5.S Percentage decrease in THD's with the use of filter 
% decrease in THD's of 
floor  A(%THD)  B(%THD)  C(%THD)  V(L-N)(%THD) 
1  70  50.8  52  94.44 
currents and voltages 
2  79  80.23  59.5  89 
compared to the original 
3  77  79.63  62.07  80 
values with the use of filter. 
4  51  28.79  37.9  94.44 
5.4  Conclusions 
The  power quality characteristic results  achieved through  simulations indicate that the 
power quality simulator can be  a valuable tool  and may be a viable alternative to site 
surveys  depending  on  the  available  information.  Some  advantages  of the  developed 
power quality simulator are: 110 
1. 	 The model assumes that most of the loads used in  a commercial office building are 
SMPS  and  can  be  represented  as  a  rectifier  front-end  with  capacitor  filter  and 
resisti ve load. 
2.  The only parameter that must be known in the simulation is the total kVA rating of the 
load. Based on  this value, the simulator computes the other parameters such as the load 
resistance and capacitor filter.  Thus this  method can  be used to  address power quality 
concerns without any rigorous power quality site surveys. 
3.  A power quality simulator requires fairly  simple mathematical  modeling techniques, 
thus can be developed for any type of building distribution system. 
Some potential shortcomings of the power quality simulator in application to evaluate 
power quality characteristics of commercial office building are listed below: 
1. 	 Some  assumptions  need  to  be  made,  so  the  simulator  may  not  be  suitable  for 
applications that require precise values of power quality concerns. 
2. 	 The %TlID varies between 2%-17% of the actual THD obtained from experimental 
results.  Thus  the  THD's of currents  and  voltages  may exceed the  standard  limits 
without being detected by this simulator. 
3. 	 The actual  harmonic  content of the currents and voltages  in  the  developed model 
simulations follow  the Fourier analysis principle where the harmonic" Ish" can be 
expressed as  Ish  =!.A,  where "h" is the harmonic order and  lsI is  the fundamental 
h 
current.  Thus the magnitude of the third harmonic is !.A, and the magnitude of the 
3 
fifth harmonic is !.A, and so on. In reality, the loads are not purely resistive, so they 
5 
do not follow the exact trend described above. As a result, deviations are sometimes 
seen between simulations and experiments. 
5.5 	 Future Directions 
This  research  is  a  preliminary  study  of  the  viability  of  power  quality  simulator 
applications in evaluating the power quality performance of commercial office buildings. 111 
Further work is  required  before  this  simulator can  become  a  viable  alternative  to  site 
surveys. Some ideas leading to potential future work are given below: 
1)  When the loads on each phase are varying and a combination of linear and nonlinear 
loads, the model  used to  predict the power quality characteristics must be  dynamic 
and more detailed for more accurate comparison with experimental results. 
2) The passive filtering modeling techniques can be extended to reduce the THD of the 
input currents. Advantage can  be  taken  from  the different aspects of the simulation 
tools available in the market to improve the developed model. 112 
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APPENDICES  115 
A-l  PSpice input subcircuit me for the load and transformer models used in 
simulations 
* Diode_rectifier with capacitor filter used in simulations for large nonlinear loads 
· SUBCKT DIODE_RECTIFIER 2 3 P  ARAMS: KV  A=5 
D 1 2 1 POWERDIODE 
D24 3 POWERDIODE 
D3 3 1 POWERDIODE 
D44 2 POWERDIODE 
RF 1 4 {23409/(KVA*lOOO)} 
CF 1 4 {(KVA*1000)/3556286.316} IC=lOOV 
· MODEL POWERDIODE D (IS=O.OOI CJO=O.Ol uF) 
· ENDS DIODE_RECTIFIER 
* Diode_rectifier with capacitor filter used mostly for linear loads with only a small 
percentage of nonlinear characteristics 
· SUBCKT rectl2 3 PARAMS: KVA=3 
D121 POWERDIODE 
D243 POWERDIODE 
D3 3 1 POWERDIODE 
D44 2 POWERDIODE 
RF I 4 {11664/(KVA*1000)} 
CF 1 4 {(KVA*1000)123265116.31} IC=100V 
· MODEL POWERDIODE D (IS=O.OOI CJO=O.OluF) 
· ENDS rectl 
*Subcircuit model of a three-phase transformer used in simulation 
*Three phase transformer model: 
*This circuit models a linear three phase transformer where all 
*three windings are on a single "EI" core. The model assumes the 
*same number of turns on the windings for each phase. The phase 116 
*asymmetry of transformer is controlled by the Permeance_ratio 
*parameter (a value of 1 represents a symmetric transformer). 
Phase 1  Phase 2  Phase 3  * 
*  (left)  (center)  (right) 
* 
* 
* 
. SUBCKT THREEPHASE  Pll P12 P21 P22  P31 P32 ; Primary 
+  Sll S12 S21 S22  S31 S32 ; Secondary 
+PARAMS: 
+ pri_ind = 20mh  ;Primary inductance (center winding) 
+ V_ratio = 1  ;voltage or turns ratio (sec/pri) 
+ Permeance_ratio =1  ;Ratio of permeance_inner/permeance_outer 
* (Permeance ratio is the ratio of 
* (voltage on center primary)/(voltage on right primary) 
* when the left primary is driven and all other windings are open.) 
+ pri_R =0.1  ;Primary resistance 
+ sec_R =0.1  ;Secondary resistance 
+ K_coef = 0.9999  ;Mutual coupling coefficient  
* Each winding is separated into two series parts. This represents the  
* two magnetic paths of each winding is part of. Phase 1 is left winding,  
* Phase 2 is center and Phase 3 is right winding.  
* Magnetic Loop 'A': Left inner loop  
LPla PIa PIc {pri_ind/2}  
LP2a P2b P2a {pri_ind/2}  
LSla Sla SIc {pri_ind*V  _ratio*V  _ratio/2}  
LS2a S2b S2a {pri_ind*V  _ratio*V  _ratiol2}  
Ka LPla LP2a LSla LS2a {K3oef}  
* Magnetic Loop 'B': right inner loop  
LP2b P22 P2b {pri_ind/2}  
LP3b P3b P3c {pri_ind/2}  
LS2b S22 S2b {pri_ind*V  _ratio*V  _ratiol2 }  117 
LS3b S3b S3c {pri_ind*V  _ratio*V  _ratiol2} 
Kb LP2b LP3b LS2b LS3b {K30ef} 
* Magnetic Loop 'C'; the outer loop  
LPlc PIc Pl2 {pri_indl(2*Perrneance_ratio)}  
LP3c P32 P3c {pri_indl(2*Perrneance_ratio)}  
LSlc SIc Sl2 {pri_ind*V  _ratio*V  _ratio/(2*Perrneance_ratio)}  
LS3c S32 S3c {pri_ind*V  _ratio*V  _ratio/(2*Perrneance_rati0  ) }  
Kc LPlc LP3c LSlc LS3c {K_coef}  
* Winding Resistances 
RPI PIa P11 {pri_R} 
RSI Sla Sll {sec_R} 
RP2 P2a P21 {pri_R} 
RS2 S2a S21 {sec_R} 
RP3 P3b P31 {pri_R} 
RS3 S3b S31 {sec_R} 
. ENDS THREEPHASE 
A-2  How to use the modeled library for this dissertation. 
All the subcircuits listed in Appendix A-I are located in a main library file called PQ.lib. 
PQ.slb is the associated schematic library file which links the schematic version to the 
code version. Both of these files can be copied into the users own library. 
A-3  How to get started with a new project in PSpice. 
In  Version  8,  from  the  start  menu  choose  "programs"  and  within  this  folder choose 
"MicroSim program groups"  and  select the  Schematics  icon.  This opens  a  schematic 
window where all circuit drawing can be done. In version 9, from the start menu select 
Programs->Orcad Release 9->Capture. This opens a window called "session log". Now 
from the file menu select New->Project and specify a file name and directory where the 
schematic should be stored. Then a library menu opens, but just click finish.  Then the 
schematic window is opened where the schematic drawing can be done. 118 
A-4  How to correlate different components in PSpice and prepare for simulation. 
Select the library symbol and it will open a window containing several libraries.  Select 
the required parts from these libraries and place them on the schematic page. A wire can 
connect components. The circuit should always be grounded. Double clicking on  a part 
will allow part parameters to be modified. To prepare for simulations go to  Analysis -> 
Setup, and specify the type of simulation to be performed (for ex:  transient, DC sweep 
etc).  Once this is  done  select Analysis-> simulate.  After simulation is  done it a Probe 
window is opened, which displays the waveform results. To view different results within 
the  Probe  select Trace->  Add  and  add  the  parameter to  be  viewed within  the  Probe 
window. 
A-5  How to copy parts from a different library to users own library. 
This is illustrated with an example:  
Suppose a part called "diode_rectifier" is in a library called PQ.slb and the corresponding  
.lib file is in PQ.lib. IT  the user wants to copy this part (diode_rectifier) to another library  
(say Power.  sIb ) these steps need to be followed.  
1)  Create a file called power.lib and save it to the same library directory as power.slb.  
2)  Copy and paste the "diode_rectifier" code from PQ.lib to power.1ib.  
3)  From the symbol editor, open PQ.slb and get the "diode_rectifier" part and then save  
it to power. sIb. 
4)  PQ.slb is already installed, so now install power. sIb by selecting 
Analysis-> Library + Include Files 
Browse + Add Library* 
Now the copied part should appear in the user library power. sIb. 119 
A-6  How to create subcircuit in schematic version. 
1) Draw the schematic of the circuit to be included as a subcircuit 
2) Add input and output interface ports. For input port use the part named IF_IN from 
the libraries and place it on the inputs and for an output port use IF_OUT and place it on 
the outputs. 
3) To create the subcircuit select TOOLS and then create subcircuit. 
4) To create a graphic symbol for the subcircuit select FILE and then Symbolize. This 
opens two  windows  where the  first  window  says  'enter name for current symbol' and 
second window says 'choose library for schematic symbol'. Enter a name for the symbol, 
this is the name with which the part will appear in the schematic. Place the part in the 
library desired. 
5) To edit the symbol library just created select FILE and then EDIT LIBRARY. Select 
the symbol library created previously and select  FILE and then OPEN. 
6)  Now select  PART and then GET. We can view the symbol already created. 
7)  Then select FILE and then EXIT. 
8)  The  subcircuit  is  created  following  this  procedure  and  a  double  click  on  this 
subcircuit retrieves the original schematic. To go back to the subcircuit symbol again 
just select  Navigate and then l!2J!. 
A-7  How to Manually Create a subcircuit. 
This is illustrated with an example:  
1) To create a subcircuit of the Fig shown in A-9, the code listed below is written in a text  
editor and saved into a library file in which you want the part to appear. Save the library  
file and then open the PSpice schematic window.  120 
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A-8 Single phase diode rectifier 
· SUBCKT recti 2 3 P  ARAMS: KV  A=3 
D121 POWERDIODE 
D24 3 POWERDIODE 
D3 3 1 POWERDIODE 
D44 2 POWERDIODE 
RF 1 4 {11664/(KVA  *1000)} 
CF 14 {(KVA*1000)/10765116.31} IC=l00V 
· MODEL POWERDIODE D (IS=O.OOl CJO=O.OluF) 
· ENDS recti 
2) Open the schematic window and select FILE->EDIT LIBRARY. Then to link the code 
with the schematic version the following steps are to be followed. 
select  GRAPHICS->BOX, draw a box. 
2)  Next place the pins. Since this subcircuit has only two inputs (2 and 3) in the 
· SUBCKT file , we place two pins on the input side as shown below. 
r-...._-_... 
, 
, 
L.................L..-___----l 121 
To edit changes of these pins double click on  the pin and change the pin name to the  
desired name (+ and - in this example).  
Select GRAPHICS ->BBOX and place it around the main box touching the pins as  shown  
above.  
3)  Next, select PART-> DEFINITION, and specify the part definition and part name.  
In this single-phase diode rectifier example described, the definition is  RECTIFIER and 
the part name is DIODE_RECTIFIER. 
4)  The final step is to link the code to the schematic version. To do this select PART-> 
ATTRIBUTES 
Within Attributes there are three parts  
PART=  
MODEL=  
TEMPLATE=XA@REFDES  
Label the partname in this example, as DIODE_RECTIFIER, the MODEL name is the  
one  used  within  the  subcircuit  of  the  main  code,  which  in  this  example  is  
DIODE_RECTIFIER.  
Template links the code to the schematic version and it begins with  
XA@REFDES % pin name % pin name ... @PARTPARAMS:  
In this example template is linked to the main code through  
TEMPLATE=XA@REFDES %+ %- @ PART PARAMS: kVA=@kVA since kVA is the  
only parameter that is  variable.  Also  select Changeable in the Schematic button to  
provide access to vary the parameter value when used.  
5)  Next select PART-> SAVE TO LIBRA  Y and specify the library where  this part should  
appear. This should automatically link the code to schematic version. 
6)  Then select  File-> EXIT. 
A-9  Design parameters for Filter: 
Q =_w.-:o ,--=_--,i;..:.r__ 
WI  - bandwidth w2 122 
Here  fr =180Hz (third hannonic occurs here) 
3-dB bandwidth occurs at 120 Hz when the slope falls at rate of -20dB/decade. 
Q=180/120=1.44 
Q= _1_ assuming R to be small we have 
wCR 
C=60uF 
1
LC=  2' so we have L= 11.8mH 
(21ifr) 